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iSUMMARY
The mechanical properties of the lungs and of the small airways 
of 36 coalminers were investigated. Neither the miners nor the 
10 control subjects had ever smoked, and all were free from 
symptoms of chronic bronchitis. Most of the miners had 
radiographic evidence of coal workers simple pneumoconiosis.
Standard spirometry was performed and the transfer factor for the 
lung, the closing volume and the maximum expiratory flow response 
to breathing a helium/oxygen gas mixture were measured. The 
relationships between lung volume and maximum expiratory flow, 
static elastic recoil pressure and total airways conductance were 
determined. Maximum expiratory flow/static elastic recoil, total 
airways conductance/static elastic recoil and total airways 
conductance/maximum expiratory flow relationships, were constructed 
in order to provide information about the conductance of small 
airways, the collapsibility of the flow limiting segment and the 
radial distensibility of the tracheo-bronchial tree. The 
assessment of small airway function was designed to differentiate 
between intrinsic narrowing and loss of lung elastic recoil, since 
either or both of these factors may be associated with the 
characteristic pathophysiological lesion of coal workers simple 
pneumoconiosis. . ; ..
Extrinsic loss of elastic recoil was found to be the predominant 
factor giving rise to lower ventilatory capacity and maximum 
expiratory flew in the miners when compared with controls, and with 
age ana height standardised normal values. An increased radiographic
category of pneumoconiosis was most strongly related to a higher 
volume of isoflow, and the associated pattern of change in 
pulmonary function suggested that this was due mainly to loss of 
elastic recoil. This was most marked in ..the miners with p-type 
opacities who also tended to have a slightly lower pulmonary gas 
transfer capability than miners with q-opacities. Longer dust 
exposures tended to be associated with stiffer lung tissue and 
narrowing of the small airways.
These observations suggest that in the absence of smoking and 
chronic bronchitis an early reaction to coal mine dust is loss 
. ' of elastic recoil leading to focal or centri^lobular emphysema.
With continued exposure, fibrosis may develop or the worst 
affected miners leave the mining industry.
. . . .  . . .  .
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Glossary of symbols and abbreviations
C W P , ^  
PMF 
EPP 
FLS 
. IVPF 
• MEFV 
FFM 
. YRUG 
YRCF 
YRSW 
. XRCAT
p-type
q-type
r-type
TIC
TGV
RV
VC
FRC
FEVX
FEV1/FVC%
VT
Vspir
0
Vfinal
".t-- — coalworkers pneumoconiosis^ ^ ;^ , . ;^
- progressive massive fibrosis
- equal pressure point
- flow limiting segment
- isovolume pressure-flow
- maximuin expiratory flow-volume
- f a t  free mass 
. • V :: . /
- 'number of years worked underground
- number of years worked at the coalface
r number of years of surface work
- radiographic (x-ray) category (i.e. 
profusion of opacities on a 12 point 
scale from 0/0 to 3/4
- radiographic rounded opacities up to
1.5 mm diameter .
- radiographic rounded opacities exceeding
1.5 mm and up to about 3 mm diameter
- radiographic rounded opacities exceeding 
about 3 mm and up to about 10 mm diameter
- total lung capacity
- thoracic gas volume 
. - residual volume
- vital capacity
 ....
- functional residual capacity
forced expiratory volume in one second
- Tiffeneau index of airflow obstruction
- tidal volume \
- volume of gas in a spirometer
final volume of gas in a closed system
Vtg
Vbox
- volume of gas in the thorax
- volume of gas in a closed whole body 
plethysmograph
CV . " closing volume
ev/y.C% .- closing volume expressed as a percentage
of the vital capacity
CC - closing capacity (= CV + RV)
CC/TLC% - closing capacity expressed as a percentage
of the total lung capacity
V */FVC% - volume of isoflow expressed as a percentage
of the FVC
^  Index
Kco
Cinit.He
- nitrogen index •
- transfer factor for the lung
- transfer coefficient for the lung
- initial helium concentration
Cfinal He - final helium concentration
MEF
PEFR
- maximum expiratory flow
- peak .expiratory flow rate
MEFj. H/A% - the maximum expiratory flow response at 
50%VCto breathing HeC>2
Raw
Gaw
SGaw
Gs
Rus
Gus
Rds
Rfr
Rla
Rtu
- airways resistance
- airways conductance (= 1/Raw)
- specific airways conductance
- conductance of the S segment
- resistance of the airways upstream of the EPP 
conductance of the airways upstream of the EPP
- resistance of the airways downstream of the EPP
- resistance due to friction in the airways 
upstream of the EPP
frictional resistance due to laminar flow 
in the airways upstream of the EPP
- frictional resistance due to' turbulent flow 
in the airways upstream of the EPP
Rea resistance due to convective acceleration 
in the airways upstream of the EPP
d 
r
1 -- - - -
dEPP 
Patm or PB
H2°
Ppl
Palv
Pmouth
Poes
Pst(l)
RPmax
RP
TLC-20%VC(exp)
Cstat(exp)
Cdyn
Plu
Ptm*
Ppl(crit) 
Palv(crit) ^  
CSR relationship
- diameter of airways upstream of the EPP
- radius of airways upstream of the EPP 
-length of airways upstream of the EPP -s— -
- diameter of airways at the EPP
- atmospheric or barometric pressure
- water vapour pressure
- intraplural pressure
- alveolar pressure '
- pressure recorded at the lips
- oesophageal pressure
- static tranpulmonary pressure, or static 
elastic recoil pressure of the lungs
- maximum static recoil pressure of the 
lungs at TLC, measured at full inspiration 
with the glottis open
- static recoil pressure of the lungs 
measured at 20%VC below TLC during an 
interrupted expiration
- expiratory compliance measured under 
static conditions (i.e. no gas flow)
- dynamic compliance
- intraluminal pressure
- critical transmural pressure
- critical pleural pressure at which 
expiratory flow reaches a maximum
-•critical alveolar pressure at which 
expiratory flow reaches a maximum
- the relationship between total airways 
conductance (Gaw) and the static 
elastic recoil pressure (Pst(l))
MFSR relationship - the relationship between maximum 
expiratory flow (MEF) and the static 
elastic recoil pressure (Pst(l))
vix
He/O^ - helium/oxygen gas mixture (usually in the
ratio 80:20 unless otherwise specified)
c02_ . - . carbon ^ dioxide _ , ..
He -• helium ■ '
SF_ - sulphur hexafloride
6 ' .
^ 0  - water (usually in vapour phase)
N2 - nitrogen.
Re - Reynolds number
or^. - gas viscosity
- gas density
y - mean linear velocity of gas molecules
BTPS - body temperature and pressure saturated
with water vapour
ATPD - ambient temperature and pressure, dry
STPD - standard temperature and pressure, dry
&  - denotes change in a variable
x - denotes rate of change in a variable (>0
i.d. - internal diameter
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CHAPTER 1
' INTRODUCTION
The aim of this thesis is to investigate, during life, the 
mechanism of the pathophysiological mechanical changes 
occurring in the airways of the lungs of men who have breathed 
air containing coalmine dust for much of their working lives.
Theoretical advances during the 1960fs have led to an improved 
understanding of the information obtained from measuring 
airflow in the small airways of the lungs of living human 
subjects. In this thesis particular emphasis was placed on the 
use and interpretation of tests of small airway mechanics 
because the primary lesion in response to coalmine dust 
exposure is located at the level of the respiratory bronchioles. 
Although an accepted pathophysiological model of the early 
changes occurring in the lungs upon prolonged exposure to the 
inhalation of coalmine dust and the development of coalworkers 
simple pneumoconiosis (CWP) has existed since 1954, it is 
based mainly on the study of necropsy material (Heppleston 
1954), and has not been validated in living coalminers.
In men with simple CWP, marked radiographic changes are usually 
present in life, and characteristic widespread anatomical changes 
can be seen in the lungs at necropsy. Population surveys (Gilson 
and Hugh-Jones 1955, Rogan et al 1961) have failed to demonstrate 
significant ventilatory impairment after the effects of smoking 
and bronchitis have been taken into account. This could, however, 
be a consequence of the relative insensitivity of FEV^ in detecting
even fairly extensive peripheral airway abnormalities (Mead 1970). 
Recent studies have indicated that maximum expiratory flow (MEF) 
rates at low lung volumes (which reflect more clearly the state of
the peripheral airways) may be reduced in nonsmoking coalminers with
simple CWP (Hall et al 1975, Wright and. Marsh 1977, .Murphy et 
al 1978). Whether this is due to intrinsic narrowing, of small 
airways or to extrinsic loss of elastic recoil is not clear.
This thesis attempts to ar^er this question.
There are relatively few reports of pulmonary mechanics in 
nonsmoking coalminers and no reports in which only nonsmoking 
coalminers free from chronic bronchitis have been studied. Since 
the pulmonary consequences of smoking and/or chronic bronchitis 
will mask or interact with the effects of coalmine dust exposure 
and /or simple CWP per se, only lifelong nonsmoking coalminers 
free from chronic bronchitis were studied in this thesis. Thus 
the effects on pulmonary mechanics of coalmine dust exposure 
and/or simple CWP will be more clearly reflected in the present 
investigation than in any other to date.
Outline of thesis
The pathophysiology of coalworkers simple pneumoconiosis is -
described in chapter 2 whilst chapter 3 reviews theoretical 
aspects of pulmonary mechanics and recent advances in small 
airway function. Details of the measurements and methods are 
given in chapter 4, with additional information and critique 
included in the appendices.
The results and interpretation of•the experimental work and of . 
the statistical analyses are presented in chapter 5. The pulmonary 
mechanics of 36 nonsmoking nonbronchitic coalminers was compared 
with that of 10 control subjects, and with predicted normal 
values (of which details are given in appendix VII). Pulmonary 
function was also related to dust exposure, radiographic 
category of simple CWP, and to severity of breathlessness; 
miners with p-type of radiographic opacities were compared with 
those with q-opacities, and a comparison was made of nonworking 
and working coalminers. The results are then discussed in 
relatiQn to the findings of other workers in chapter 6, and 
the conclusions are summarized in chapter 7.
CHAPTER 2
PATHOPHYSIOLOGY OF COALWORKERS 
SIMPLE PNEUMOCONIOSIS
Coal mine dust is composed .of particles of varying size, 
density, shape and composition (Fig. 1). When- a coalminer 
is exposed to air containing coal mine dust, most of the 
inhaled particles become deposited somewhere along the walls 
of the respiratory tract. Muir (1972) describes three 
fundamental processes that influence the deposition of inhaled 
particles
a) Sedimentation - in which particles settle under the 
influence of gravity.
b) Diffusion - in which particles undergo random 
(Brownian) motion due to molecular bombardment.
c) Inertial impaction - in which particles in the 
airflow tend not to deviate when the direction
•>: .of :'airflow changes a t .a.branching of the airways.
The largest and heaviest particles cannot penetrate beyond the 
nasopharynx upon inhalation (Fig. la). Procter et al (1969) 
and Landahl (1950) found that few particles greater than 
20 microns ( yu. ) aerodynamic diameter, and only about 50% 
of particles of 5 ^  were able to penetrate beyond the nose during 
breathing at rest, and that even some 1^ £a particles were 
deposited in the nose. A significant proportion of the 
smallest and lightest particles ( <  0.5yC\ aerodynamic diameter) 
can be inhaled and exhaled in the axial air stream, without 
depositing on the airway walls (Fig. lb). Most of the remaining
DUST DEPOSITION IN THE RESPIRATORY TRACT.
(a)
Large Particles '
> 10/* aerodynamic diameter
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Small Particles
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Since most dust is of irregular shape and may be aggregated, the 
behaviour of particles depends on their settling velocity rather 
than their microscopic size. This behaviour is best described by 
stating the size of sphere of unit density which has the same 
terminal velocity i.e. the aerodynamic size or diameter. Thus 
particles of varying microscopic size can all have the same 
aerodynamic size, and will have an identical intrapulmonary 
deposition pattern.
particles deposit on the conducting airways (Fig. lc) which 
are ciliated. The particles are removed from the lung by 
ciliary action towards the pharynx (up the so called 
'’mucociliary escalator"), and are then swallowed or 
expectorated 1 The rate of cilial clearance is independent 
of particle size and concentration, unless they have, or are 
associated with, a specific toxic action (e.g. smoking may 
reduce mucocilial clearance rate (Sanchis et al 1971,
Lippmann et al 1977). However, since the smaller particles 
tend to deposit more peripherally in the lung, they are 
cleared more slowly because they must traverse a greater 
distance along the mucosa. Even so, most of this dust is 
cleared with 24 hours and does not appear to accumulate t
during regular daily exposures (Muir 1972).
The remaining particles, mostly in the range 0 . 5 - 5  microns 
aerodynamic diameter, may deposit in the non-conducting airways, 
•i.e.'the airways without cilia, beyond the terminal bronchioles 
(generations 17 to 23 in Weibel's Model A (1963) . This is 
termed the alveolar or respirable dust (Fig. Id) . It is this 
fraction of the dust inhaled that is of prime importance in 
the early pathogenesis of coalworkers' pneumoconiosis, and the 
rest of this' chapter is mainly concerned with the fate of 
these particles. The regional deposition of inhaled aerosols 
as a function of aerodynamic size is shown in Fig. 2, which 
is based on evidence available up to 1966, and was reviewed 
by a task group of the International Commission on Radio­
logical protection.
;■  ^ •'y-r-i^ ri1 V. ;••..v r^bi5,:::-: --a
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Regional deposition of inahled aerosols as a function of 
particle size ( / a ) *  Nose breathing at 15 respirations per 
minute and 750 cm* tidal volume. The pulmonary compartment 
refers to deposition beyond the terminal bronchiole,
(Reproduced from Health Physics, 12, 179 (1966) by permission 
of the Health Physics Society),
The first reaction of the lung to the insult of dust 
deposition is an increase in the number of alveolar macrophages 
(Brain 1971). This may be due to proliferation of interstitial 
macrophage precursors or to recruitment from the circulation. 
Within a few hours most particles have been phagocytosed. 
Heppleston (1954) found that in cases of sudden death during 
or shortly after exposure to coal mine dust, the great majority 
of respirable dust particles had been engulfed, and that 
the dust laden macrophages were to be found on the luminal 
surface of the alveolar wall. Apparently their mobility is 
sustained, even with the particle load (Ungar and Wilson 
1935, Ferrin 1972).
In a study of the cell kinetics of the alveolar wall,
Brightwell and Heppleston (1977), found that following 
cessation of dust exposure, dust laden cells slowly formed 
focal accumulations, where the demand for more alveolar 
•macrophages was then concentrated. They pointed out that the 
demand, may well exceed the local capacity to supply, so that 
alveolar macrophages continue to arrive from areas of 
parenchyma already cleared of dust. On the basis of 
experimental work, and a critical review of the literature, 
Lauweryns and Baert(1977) have recently outlined various 
pathways and cellular mechanisms by which particles may be 
cleared from the alveoli. Their synoptic scheme of the alv­
eolar clearance is shown in Fig. 3. The relative importance 
of the various clearance pathways will depend to a large 
extent on the physico-chemical and biological properties
of the particles (e.g. particle size, solubility, quantity 
and toxicity). '
/  \
Synoptic scheme of alveolar clearance (tauweryns and Baert, 107?) '
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The arrows indicate clearance pathways:-
1. Via the tracheobronchial tree and mucociliary escalator and 
by endocytosis and digestion by nonciliated bronchiolar 
epithelial cells.
2. Endocytosis and digestion by the alveolar macrophages, v/hich 
leave the alveolar lumen via the airways (2a); endocytosis 
and digestion by the neutrophilic granulocytes, which leave 
the alveolar lumen via the airways.
3* Phagocytosis by the large alveolar (type II) epithelial cells*
A-. Endocytosis and either digestion or transcellular transport to 
the interstitium.by small alveolar epithelial cells.
5* Via the pulmonary blood carpillaries and by micropinocytosis and 
either digestion or cytopempsis by the blood capillary 
endothelial cells.
6. Via the pulmonary lymphatics with open intercellular endothelial 
junctions (main road) and endocytosis and digestion (or 
cytopempsis?) by the lymphatic endothelial cells at the luminal(6a) 
or abluminal (6b) surface.
7* Endocytosis and digestion by the interstitial macrophages which 
leave the lungs via the lymphatics (?a).
(*) Alveolar clearance and the role of the pulmonary-lymphatics.
J .M*Lauweryns <J.H.Baert, Am.Rev.Hosp.Dis.llb_ 62 - 683. !*)'/?•
Policard and Collet (1953) showed that pure coal dust (silica 
free) was essentially inert, and did not destroy macrophages. 
The composition of coalmine dust, however, varies greatly 
.from one mine to another, especially in relation to the 
job being undertaken. Representative values for airborne 
respirable coalmine dust might be 60% coal, 35% mineral 
matter such as kaolin or mica (non-coal), and 4% free silica 
(Muir 1972). The average values reported for twenty British 
coal mines by Walton et al (1977) were 4.1% silica and 
36.6% non-coal. In South Wales mines, the silica and non-coal 
content of the coalmine dust was lower than the average 
(Table 1) . The fibrogenicity of coaline'.dust tends to increase 
with increasing silica content, but may be modified by the 
composition of the non-coal content. '
Alveolar- clearance appears to be a much slower process than 
mucocilial clearance (Stober et al 1967, Klosterkotter and 
Bunemann 1961, Le Bouffant 1961) and is proportional to the 
total amount of dust in the lungs provided that the initial 
burden is not too great.
*
Heppleston's observations suggest that some dust does, in 
fact, pass into the interstitial spaces and enters the 
lymphatic drainage system. He was unable to determine if 
the dust is passed along the lymphatic vessels in macrophages 
or as free particles, but found that most of the dust that
TABLE 1.
Environmental Data for South Wales miners, compared 
with the mean data for 20 British Collieries.
Coalfield Colliery Coal Rank Dust conen % %
°/d Carbon mg/foS Non Coal Quartz
Mean for 20 Collieries 86.8 4.14 36.6 4.1
South Wales - W 94.0 5.00 31 3.2
(Anthracita) V E 92.7 4.45 19 0.8
South Wales I 91*2 3.60 18 2.2
(Steam Coal) E 91.9 8.20 20 2.3
South Wales 
(Bituminous)
V 90.6 5.10 28 2.8
from W. H. Walton, J. Dodgson, G.G. Hadden, and M. Jacobseni
Effect of Quartz and other Non Coal Dusts in Coalworkers* 
pneumoconiosis. Part I. Epidemiological Studies in 
Inhaled Particles IV. Part 2 p. 669 - 690. ed. W. H. 
Walton, 1977.
enters the lymphatic system is arrested at reticulo- 
endothilial and lymphoid foci, situated at points of airway 
branching. However, at this stage this mechanism plays only 
a very minor role for Lauweryns and Baert (1977) only found 
small quantities of carbon endocytosed by alveolar epithelial 
cells and still less to have reached the interstitial spaces 
and the lymphatics. It thus appears that the majority of 
respirable coalmine dust particles are cleared towards the 
mucocilial escalator - pathway 1 in Fig. 3. The route and 
exact mechanism by which dust laden alveolar macrophages reach 
the mucocilial escalator is not altogether certain. It is 
probably along the lumen of the airways, as proposed by 
Heppleston (1954). The effect of inhaled respirable coalmine 
dust on the lung surfactant production and pulmonary surface 
forces may also be of importance (McDermott et al 1977) . 
Whatever the exact mechanism, alveolar clearance in normal 
healthy individuals is regarded by Muir (1972) as being fairly 
efficient. He calculates the average alveolar dust load to 
be about 100 gm. during a lifetime of work, and it is unusual 
to find more than 40 gm. of coal dust in the lungs of a miner 
at necropsy.
When, however, there is an excessive amount of; respirable 
coalmine dust present, or for some other reason alveolar 
clearance is reduced, the clearance pathways may be over­
whelmed, and dust laden macrophages begin to accumulate in 
the alveoli which arise directly from the respiratory
bronchioles (Fig, 4a) * Some of the dust laden macrophages 
pass through the alveolar wall and collect in the space 
between adjacent alveoli
If dust laden macrophages are held in the respiratory bronchiolar 
region for an excessive period of time, fibroblasts appear 
to be attracted to the site. These begin to secrete a thin 
network of reticulin, which entraps the macrophages. Some 
of these may lyse, and this may act so as to attract more 
fibroblasts which secrete more reticulin (Fig. 4b).
As the silica content of the dust increases, a greater number 
of macrophages may be killed more rapidly, and this will 
give rise to the secretion of collagen fibres to coarsen the 
network. Thus the alveoli arising from the respiratory 
bronchioles may become plastered up with a reticulin mesh of 
coal mine dust, dying macrophages and fibroblasts, (In about 
10-15% of cases, the dust laden macrophages appear to migrate 
to the interlobular septa, where dust deposits become visible, 
clearly delineating the lobular structure. This pattern of
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^ ‘-/alternative definition due to an expert committee of the World Health 
Organisation (1961) described emphysema as "a condition of the lung 
characterised by abnormal permanent enlargement of the air spaces distal 
to the jterminal bronchiole, accompanied by destruction of their walls!1.
dust deposition presumably refledts a "peripheral" as opposed 
to a central attempt at clearance ( R. Seal *-• Personal Communica 
tion 1977)),
At this stage distention of respiratory bronchioles may occur 
(Fig. 4c). Heppleston (1954) describes the process as bronchiolar 
smooth, muscle atrophy due to incarceration by the mesh.
The distention is termed focal emphysema by Heppleston and 
the salient feature of this condition is that the respiratory 
bronchiolar wall (including the tunica elastica, and smooth 
muscle fibres) and the lung parenchyma are not destroyed.
The Ciba Guest Symposium on terminology, definitions and 
classification of chronic pulmonary emphysema and related 
conditions (Thorax 1959) defines emphysema as a "condition 
of the lung characterised by increase beyond the normal in 
.the size of air spaces distal to the terminal bronchiole
either from dilatation or from destruction of their wall 5
important difference between these two definitions is the 
distinction between using the word "emphysema" to include 
(Ciba) or exclude (WHO) non destructive enlargement (i.e. 
dilatation) of airspaces distal to the terminal bronchioles.
Thurlbeck (1976) recommends that the term "overinflation” be 
applied to describe enlargement of airspaces without tissue 
destruction. He argues therefore, that the "focal emphysema" 
described by.Heppleston (1954) should be replaced by the 
term "focal overinflation" as this condition was not intended 
to include tissue destruction. However, it seems likely but
has not yet been demonstrated, that the silting up of alveoli 
arising from respiratory bronchioles associated with the 
respiratory bronchiolar dilatation may be related either 
temporally or causally, to the destructive centrilobular 
emphysema that is observed in the lungs of most coalminers 
at necropsy. For this reason, in this thesis, the term 
"focal emphysema" has been retained. In any case, these 
definitions are based on anatomical observations. The 
distinction between destructive emphysema and non-destructive 
"over-inflation" or "dilatation" in life may not be possible 
using the pulmonary function tests described in the next 
chapter.
The mechanism of focal emphysema can best be interpreted in 
terms of the opposing forces involved in the movements of 
respiration (Fig. 5). ' —
The simple dust lesion of coal workers is in effect a fairly 
wide cylinder of vesicular tissue which has been consolidated 
by dust, associated with a small amount of fibrous tissue 
disposed around the respiratory bronchioles. Included in 
this cylinder of consolidation are the respiratory .bronchiolar 
walls themselves. Dust consolidation prevents expansion of 
the affected area of vesicular tissue under the traction of 
inspiration. The tension normally expended on these alveoli 
is transmitted to the next series of air spaces, the respiratory 
bronchioles, as an addition to the force to which they are 
usually subjected during inspiration. That this extra tension 
is not expended on the vesicles lying outside the zone of
Fig, 5.
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Diagrams showing how dust accumulation can disturb the balance of 
the opposing forces acting on the respiratory bronchioles and so 
lead to dilatation of these structures, that is, to the development 
of focal emphysema.
Heppleston, 195^ postulates that the accumulation of 
coalmine dust, cell debris and fibroblasts, effectively 
stiffens the tissue surrounding respiratory bronchioles, 
and expects that the inspiratory tractive force normally 
expended on these alveoli will be conveyed to the 
respiratory bronchioles themselves which will thus 
experience a greater dilating force. At the same time, 
the expiratory recoil of the respiratory bronchioles may 
be diminished due to atrophy of the smooth muscle in 
the walls, due to its incarceration in the mesh. Sinee 
the tone of the smooth muscle is to a large extent responsible 
for bronchiolar shortening and narrowing upon expiration, 
this expiratory movement will consequently be reduced.
This and the exaggerated inspiratory traction will in time 
combine to produce the same effect - that of bronchiolar 
dilatation, i.e. focal emphysema.
dust consolidation, is indicated by the fact that when dilatation 
supervenes, it is not these vesicles which are affected, but 
the respiratory bronchioles. The increase of inspiratory 
traction must be small and, although repeated some 15 - 20 
times per minute, might be.expected to be countered by a more 
forcible contraction of the respiratory bronchiolar smooth 
muscle, without which a gradual increase in the diameter of 
the respiratory bronchioles must follow, i.e, the development . 
of focal emphysema.
Since considerable dust aggregation does not always induce
focal emphysema, the bronchiolar smooth muscle must continue 
to function well in cases without focal emphysema. Heppleston
reports smooth muscle to be present in these cases, but to be 
deficient or absent in.more advanced cases, A naturally 
poorly-developed smooth muscle system may underlie the occas­
ional association of moderate or severe focal emphysema or 
early centrilobular emphysema with relatively small amounts 
of dust exposure.
Whether the coal foci, with or without coexisting focal 
overinflation, expand and destroy lung tissue, producing 
centrilobular emphysema, is not yet known. Pump (1976) 
suggests that respiratory bronchiolar dilatation may preceed 
destruction by an increase in the number of alveolar 
fenestrations. However, most lungs of miners dying with 
coalworkers1 pneumoconiosis appear to have some degree of 
destructive centrilobular emphysema, anatomically related to 
the coal focus situated in the centre of the primary lobule.
By this stage, the focus of coal dust accumulation will 
have expanded due to the continuing passage of dust laden 
macrophages through the respiratory bronchiolar wall via 
the interstitial spaces to the lymphatic vessels (Fig. 4d) 
which follow the blood vessels and eventually drain into the 
hilar lymph nodes. As mentioned earlier, along the course 
of the lymphatics are small aggregations of reticulo-endothelial 
cells (precursors of the lymph nodes higher up). The first
of these appear to be located around the arteriole at the
o . . .
level of the 2 respiratory bronchioles. This is centrally
located in the 1° lobule. Hence the arrival of cell debris, 
macrophages and dust elicits a fibroblastic response, and 
the arteriole becomes surrounded by a network of reticulin 
fibres enmeshing fibroblasts, disintegrating macrophages, 
reticulo-endothelial cells and dust. Gradually the cellular 
component of this "perivascular nodule" decreases while . 
the fibres become more prominent, with collagen taking over 
from reticulin. This process is termed !,nodulation" (Seal 
and Wagner (1975) , and the fibrous tissue may encroach into 
the lumen of the arteriole causing a centre of ischaemic 
necrosis which may become filled with dust.
Coalescing of nodules is thought to be associated with irregular 
opacification of the chest radiograph, and coalworkers1 
pneumoconiosis becomes complicated in pathological terms 
when the nodules progress to a condition of massive fibrosis 
(PMF) (Wagner and Seal 1975). This usually involves discrete 
nodules coalescing to form larger nodules with enlarged areas 
of ischaemic necrosis. The exact reasons for this progression 
are unknown but are discussed by Wagner and Seal (1975). A
possible explanation depends upon the acceptance of the 
hypothesis that the coal dust itself has a slight fibrogenic 
effect (Brain and Corkery 1977) and its main influence on the 
: progression of coalworkers* pneumoconiosis is. that the cbal 
particles offer an adsorbent surface on which more fibrogenic 
substances may be deposited (Wagner 1976), The progression 
of the disease would then depend upon the deposit of coal dust 
acting as a nidus on which these materials could be concent­
rated. Some of these factors are well known such as silica, 
tuberculosis and macroglobulins of rheumatoid factor. Prog- 
ression may depend upon the amount of adjuvant available : if 
there is only a small amount, this may be sufficient to produce 
nodules which do not progress beyond the initial formation.
This would account for the majority of coalworkers in whom 
the lesions remain as intrabronchiolar deposits or minimal 
perivascular nodulation.
Harrison and Lapp (1972) reported electron and light microscopic 
observations in the lungs of four miners. Three of these 
had complicated pneumoconiosis, but the fourth was classified 
as ’’suspect" simple pneumoconiosis on the basis of the chest 
radiograph. This lung material was obtained at biopsy. The 
coalminer had normal conventional pulmonary function and was 
a non-smoker, aged 42 years. Microscopy of this man’s lungs 
revealed a pattern of pathophysiological changes consistent 
with that previously described. At the level of the respiratory 
bronchioles, dust and cell debris-laden macrophages filled 
the alveoli. In one alveolar space, fibrin was seen in close 
association with macrophages, The alveolar septae had areas
of thickening and fibrosis. Elastic fibres were prominent
and although collagen'was not frequently found, large whorls 
of collagen did appear in the interstitial spaces. Small 
granulomatous lesions showing clusters of epithelial cells 
without central necrosis were noted, ' These were surrounded by 
mononuclear cells which are precursors of tissue macrophages 
(Bowden et al 1969).
Gross et al (1972) also described the pulmonary response to ' 
coal dust when they exposed various laboratory animals to 
inhaled pulverised lignite or bituminous coal dust. They 
pointed out that the tissue reaction may vary according to 
the composition and quantity of dust, and the immunological 
state of the host tissue. They found no significant differ­
ences between the reaction in the various animals to the 
inhaled coal dust which did not contain any fibrogenic mater­
ial, (i.e. silica). The dust was readily phagocytosed by 
macrophages and then silted up the alveoli, beginning with 
those in the respiratory bronchioles, and extending to the 
more peripherally situated airspaces as the dust inhalation 
continued. Many airspaces packed with dust-filled macrophages 
(not only alveoli and alveolar sacs) became atelectatic, i.e. 
the alveolar walls became tightly opposed to the" dust masses^ 
and the septal cells appeared more prominent and more numerous. 
These findings suggested that alveolar cells were damaged, 
causing diminution or cessation of surfactant secretion, 
resulting in atelectasis. The tight envelopment of the dust 
masses by the septal walls effectively held the dust (and 
cell debris) in place. These observations are supported by 
the work of Macklem, Proctor and Hogg (1970) on the factors
influencing the stability of the peripheral airways. They found
that surfactant stabilised the peripheral airways, and reported
that local inactivation of surfactant in the airways, with
preservation of surface activity in the alveoli (as may occur
in the simple CWP lesion) would lead to changes in the mechan- 
. * • \ 
ical properties of peripheral airways. Gross et al also found
some reticulin fibres in the interstitial spaces, and around
dust laden macrophages, but failed to find any collagen.
The lymph nodes of these lungs contained dust laden macrophages
but was not associated with collagenous tissue.
When increasing amounts of silica were mixed with the inhaled 
coal dust, they commonly found thickened septal walls and 
collagenous fibres associated with the coal dust deposits. 
Similar work on rats was carried out by Martin et al 1972.
They found that for coal-quartz (silica) mixtures, the fibro- 
genicity of the quartz was less than the same quantity of 
quartz administered alone. This reduction in the fibrogenic 
action of the quartz did not result from the coal itself, 
but from the mineral matter accompanying the coal, in particular 
the silicates of aluminium. Over long periods of development 
(up to 21 months) the coal-quartz mixtures exhibited a stronger 
fibrogenic effect than coal alone. The formation of collegen 
in the lung increased in proportion to the. concentration of 
quartz in the inhaled dust. The lesions, characterised by 
the quantity of collagen formed, only began to appear 18 months 
after administration of mixtures containing 5% quartz.
With concentrations of quartz between 5-10% the tendency to
fibrosis was three times' that observed with coal alone.
At >10% quartz concentration, the formation of collagen and 
fibroconiotic nodules occurred at a rate.five times that caused 
by coal alone. Moreover, these lesions appeared earlier with 
the mixtures having the highest concentration, Ross et 
al (1962) reported that inhalation.of a mixture of 2% quartz 
with coal dust failed to produce any significant fibrosis 
in rats after one year of exposure. 5% and 10% quartz mixed 
with coal caused ’'minimal" and "a little" fibrosis respectively, 
20% quartz/coal mixtures resulted in "definite fibrosis"; 
silicotic nodules were only observed after inhalation for 
one year of 40% quartz/coal mixtures. No equivalent human 
studies have been undertaken, but it would seem reasonable 
to assume that as the percentage of free silica inhaled 
by miners increases, the pulmonary tissue reaction becomes 
more similar to that seen in silicosis (i.e. rounded 
concentrically arranged collagenous nodules). The extent 
and degree of the opacification seen in a chest radiograph 
relates well to the amount of dust retained in the lung 
(Rossiter 1972) .
When a nodule is palpable in the excised lung, it can correspond 
to a "large" opacity (A, B or C shadow, or n-type small rounded 
opacity) in the chest X-ray, and the opacity is due to absorption 
of X-rays by the coal and other minerals (probably coated 
with ferratin) and fibrous tissue by the "large nodule". 
Radiographic small rounded opacities of the p and q type are 
probably due to the superimposition of the shadows of many
small coal foci, . There will not, therefore, be a one to 
one correspondence between coal focus and radiographic 
opacity, resulting in a poor radio-pathological correlation 
during the early radiographic stages of the pneumoconiosis. 
When focal- emphysema or centrilobular emphysema is added to 
the pathological picture, the category of the radiograph 
may even regress (Seal and Wagner 1975).
Summary
The ways, in which inhaled coal mine dust may be removed' 
from the respiratory tract have been discussed. The 
first reaction of the body to deposited respirable dust 
particles is an increase in the number of alveolar macrophages 
which endocytose the dust particles. The majority of these 
are transported to the mucocilial escalator. When there is 
an excessive amount of coal mine dust present, or the clearance 
mechanisms are overwhelmed, the dust laden macrophages 
begin to accumulate in the alveoli which arise from the 
respiratory bronchioles. In time, fibroblasts appear at 
this site, and begin 'to secrete a meshwork of reticulin, 
entrapping the macrophages, some of which may lyse and attract 
more fibroblasts. Thus the alveoli at the respiratory 
bronchiolar level may become plastered with a reticulin mesh 
of coal mine dust, dying macrophages, cell debris and 
fibroblasts. The temporal relationship between these events 
will depend upon the quantity and composition of the coal 
mine dust as well as the immunological status of the host. 
Distensive focal emphysema or destructive centrilobular 
emphysema may or may not follow. The coal focus may begin 
to expand due to the passage of dust laden macrophages into 
the interstitium and to the lymphatic vessels. A perivas­
cular nodule forms as a result of the fibroblastic response 
in the reticulo-endothelial cells starting at the level of 
the 2^ respiratory bronchioles. This process is termed modu­
lation, and the fibrous tissue may encroach into the lumen 
of the arteriole causing a centre of ischaemic necrosis
which may become filled1 with dust. Up to this point, in 
pathological terms, the process may be regarded as simple 
pneumoconiosis, but when nodules coalesce and progress to a 
condition of massive fibrosis with enlarged areas of 
ischaemic necrosis, the condition has advanced to compli­
cated pneumoconiosis. Although the size of the coal nodule 
is increased by nodulation, and hence the size of the radio- 
graphic opacity should increase, if focal or centrilobular 
emphysema develops concurrently, the assessment of the 
radiographic category may remain the same or even regress.
Comment '
It is thus desirable to develop some additional means of 
assessing the pathophysiological effects of the lesions 
due to exposure to coal mine dust, preferably in functional 
terms during life, and at an early stage. The most 
commonly used ("conventional") pulmonary function tests are 
reported to be insufficiently sensitive to detect even fairly 
extensive changes occurring at the level of the respiratory 
bronchioles (Mead 1970). Only recently have some new lung 
function tests become available. It is therefore the aim 
of this thesis, to use some new.tests of small airway mechanics 
to detect the functional changes, in life, that’must occur 
in the lungs of coal miners when exposed to coal mine dust 
for prolonged periods of time. The pathophysiological changes 
have been described in this chapter. The next chapter will 
deal with "conventional" and new tests of airway mechanics and
the way in which they may be used'to detect the functional 
changes in the'small airways of living coal miners.
CHAPTER 3
LUNG MECHANICS
In this chapter the principles underlying the assessment 
of the mechanical properties of the lungs are described. 
’’Conventional" lung mechanics tests are dealt with first. 
These tests assess the mechanical attributes of the lungs 
as a whole, and it has been shown (Hogg et al 1968) that 
they can be insensitive to fairly extensive structural 
alterations of the peripheral airways and pulmonary 
parenchyma. In-the second part of the chapter, more 
recently developed methods for assessing the mechanical 
properties of the peripheral or "small11 airways are 
described.
ASSESSMENT OF THE MECHANICAL PROPERTIES OF THE WHOLE LUNG
Lung Volumes
The familiar spirogram is.shown in Fig. 6, The total lung 
capacity (TLC) can be measured either spirometrically using 
the gas dilution principle-, or by using a whole body plethy- 
smograph (in which case the thoracic gas volume (TGV) is 
measured).
a) The closed circuit helium dilution method for TLC (Fig.7.). j 
This gas dilution method was first described by 
Christie and McMichael. A measured volume of a 
helium/oxygen mixture is introduced:into a spirometer !
(Vspir) and the helium concentration determined 
(Cinit He). At the end of a normal expiration 
i.e. at functional residual capacity (FRC), the subject j
starts to rebreathe from the spirometer, causing mixing j
i
of the air in his lungs with' the helium/oxygen mixture I
in the spirometer, until the helium concentration 
(Cfinal He) remains steady for two minutes, i.e. 
mixing is complete. During the rebreathing period 
the CC>2 produced by the subject is absorbed by soda 
lime in the circuit, and oxygen is added to the system 
at a rate equal to the resting oxygen uptake.
Thus
Vinit x Cinit He = Vfinal x Cfinal He
Vspir x Cinit He = (FRC + Vspir) x Cfinal He
FRC = (Vspir X Cinit He) ' )-—    ---------- Vspir
Cfinal He •
MAXIMAL...
INSPIRATION
Volume
litres
MAXIMAL
EXPIRATION
time
where
Vrp = Tidal Volume
FRC = Functional Residual Capacity
VC, = Vital Capacity
RV = Residual Volume
TLC = Total Lung Capacity
TGV = Thoracic Gas Volume
Spirometer
HeliumKymograph
Flowmeter
Galvanometer
Flowmeter
o  o 
o  V) JQ
I ^ -OxygenKatharcmeter
Fan|
Mouthpiece
Closed-circuit apparatus for the 
measurement of total lung capacity 
and its subdivisions. The apparatus may 
may be combined with that for measurment 
of the transfer factor.
Immediately after FRC determination, the subject 
expires maximally, and then inspires maximally, so 
that all the subdivisions of the TLC can be calculated 
by simple arithmetic from the recorded spirogram.
Plethysmographic Assessment of Thoracic Gas Volume
The thoracic gas volume (TGV) is the total volume of
gas in the thorax. Normally TGV is slightly larger
than the total lung capacity measured by the helium
dilution method (TLC (Helium Dilution)) (Matthys et
al 1970, Dubois et al 1956). The difference between
TGV and TLC (Helium Dilution) is an indication of
the volume of underventilated airspaces in the lungs
(i.e. gas trapping). The plethysmographic assessment
of TGV. is based on the application of Boyles law which
states that the volume (V) of a. fixed mass of gas is
inversely proportioned to the pressure (P) provided
the temperature remains constant, Poc 1 or PV = K,
• , V
or P V = P V . or * 1V1 *2 2
Consider the lungs as a piston in a cylinder within 
a closed box (plethysmograph) (Fi'g. 8.). The closed 
space within the cylinder is the volume of gas in 
the thorax (Vtg).
If the lung is expanded by a small volume A Vtg as 
represented by moving the piston from a to b, the 
volume of gas in the cylinder is expanded to Vtg + A Vtg 
(i.e. the subject attempts to breathe in against a
1 . Fiq. 8.
Measurement of TGV in a whole body Plefhysmograph
shutter closed
plethysmograph
A P mouth
shutter
box
where
Vj.g = Volume of gas in the thorax
^BOX ” Volume of plethysmograph - volume of subject
AVtg = change in volume of gas in the thorax as
the subject "pants11 against a closed 
shutter.
A ^ boX ~ change in pressure in the plethysmograph
£»Pmouth = change in mouth pressure as the subject
"pants" against a closed shutter. This 
• is the same as the change in alveolor 
pressure (A  ) •
closed shutter - denoted X in the diagram).
If the initial pressure in the cylinder (thorax) is
atmospheric (Patm less P since body gases are saturated),
2
then after the expansion of the piston, the final pressure
is (Patm - P„ „) - A Pmouth f where A  Pmouth is the change 
2
in pressure recorded at the mouth., and is equal to the 
change in alveolar pressure ( A  Palv) if the glottis is­
open when the shutter is closed.
Thus for expansion of the lungs:-
Initial Initial Final Final
X  s  X
Pressure Volume Pressure ' Volume
(Patm - PTT J  x Vtg = [(Patm - P„ _) -APmouth! x (Vtg + AVtg )
H2 L H2° J
Expansion of the equation gives:-
(Patm - P^ q) ’x Vtg = |[patm - P^ q) x  Vtg] +
j7Patm - PH Q) x A  VtgJ -
2
|A Pmouth x VtgJ - 
|A Pmouth xAvtg^
|(Patm - PR q) x AVtgj = |a Pmouth x VtgJ + |A Pmouth x A  VtgJ
Since the last term is negligibly small,
^Vtg = Pmouth x Vtg]
(Patm - P^o) *.......•*••• —  •
At the same time, the volume of gas in the plethysmograph (Vbox) 
is compressed by A Vbox. ....
*
Thus for compression of "box" volume, similarly:- 
Initial Initial Final Final
X  ”  X
Pressure Volume Pressure Volume
Patm x Vbox = (Patm x A  Pbox) x (Vbox - A Vbox)
and by similar reasoning we obtain
A  Vbox - A  Pbox x Vbox
Patm
Now, the volume, expansion of the chest (AVtg) is equal to the 
volume compression'in the plethysmograph (AVbox) since the 
plethsmograph is closed:~
vV-Vtg = A  Vbox 
by substitution from equations (1) and (2)
A Pbox x VboxA Pmouth x Vtg 
Patm - P
H2° Patm
Vtg A Pbox Patm - P.TJ f)2 x Vbox
A Pmouth Patm
All the terms on the right hand side of this equation can be 
measured.
Vbox
Patm
P
2
Plethysmograph volume - volume of
subject
Atmospheric Pressure
63cm. 1^0 or 47mm.Hg at BTPS
A Pbox 
A Pmouth
is obtained by recording A Pbox on the abscissa and 
A Pmouth-bn the ordinate of an oscilliscope as the 
subject alternately attempts to compress and expand 
his chest against the closed shutter (i.e. attempts 
to "pant"). The tangent of the resulting line 
(Tan &  ) is A Pbox/ A  Pmouth.
If a spirometric record is made of a preceding or succeeding 
maximal inspiration, the volume above Vtg (say x) can easily be 
measured. When x is added to Vtg it will give the Thoracic 
Gas Volume (TGV).
Tidal breathing 
(^ inspiration)
Panting. Panting.
Shutter Shutter
open. closed.
\AA/WVV^— —
X
Vtg
TGV = Vtg + x
Ventilatory Capacity
The ventilatory capacity is usually assessed by measuring 
thd volume of air that can be expired, from full inspiration 
in one second (Forced Expiratory Volume in one second or FEV^) 
during a maximal effort expiration.
Total Airflow Obstruction : the total airways conductance (Gaw) - 
volume relationship.-
The Tiffeneau index i.e. FEV^/FVC x 100% is commonly used to
.assess airflow obstruction. A reduced maximum expiratory flow 
will reduce the FEV^ relative to the FVC, giving a low value
for FEVj/FVC%. The factors determining maximum expiratory gas
• flow from the lungs are complex and are discussed later in the 
chapter.
The peak expiratory flow rate (PEFR) is the maximal flow which 
is sustained for a period of 10 msec during a maximally forced 
expiration, following a maximal inspiration. It is an index 
of airflow obstruction that is primarily influenced by the 
applied effort and the conductance of the extrapulmonary 
(or upper) airways.
Since the FEV^/FVC% includes the PEFR in the FEV^, it follows
that this index must reflect the conductance of both the 
extra (upper) and intrapulmonary airways, as well as being to 
some extent dependent upon effort. Stanescu (1975) argues
that FEV^ depends essentially on the cross-sectional area of
large and medium airways and therefore an obstruction limited 
to the smaller airways will have a lesser influence on FEV^
than on maximum expiratory flow measured lower in the vital 
capacity.
Pride (1971) points out that until recently there has been 
uncertainty about the relevance of these tests of forced 
expiration to the events of tidal breathing. Direct measure­
ment of airways resistance (Raw) is often preferred as an . 
estimation of airflow obstruction. The measurement of airways
resistance is made during laminar flow, conventionally during
• \  -1 
inspiration at a flow rate of 0.5 l.sec. when the Reynolds
number is less than 1000 and the Poiseuille equation holds.
A  P = Raw x V
where ^ P = Pressure drop from Alveoli to mouth
at a flow rate of V (Palv - Pmouth)
PmouthPalv
Airways resistance during laminar flow will be constant and 
is dependent upon the length (1) and radius (r) of the airways, 
and the viscosity (/rp of the gas breathed 
Raw = 81 ^
It is the combined resistance of the whole tracheobronchial 
tree and in this thesis was measured by a panting technique 
in a whole body plethysmograph,
The panting technique was adopted in order to reduce the 
laryngeal component of Raw as much as possible. Butler et 
al (1960) reported that the vocal cords of a panting subject, 
observed by indirect laryngoscopy, were almost fully abducted. 
This has been confirmed by Stanescu et al (1972) who concluded 
that the panting manoeuvre .minimised the effect of the glottis 
on the measurement of airways resistance.
If a subject pants against a closed shutter it has already been 
shown that an oscilliscope plot of A Pbox against A  Pmouth is 
used to determine Vtg according to the equation
a tyu Patm - P„ _... _ 4 Pbox Ho0
______ x ____   x Vbox
4 Pmouth .• Patm
Thus Tan <9* = 4 Pbox
A Pmouth
If the subject continues to pant with the shutter open as shown
*
in Fig. 9, the change in flow rate (4V) corresponding to
changes in plethysmograph pressure (4 Pbox) can also be plotted
#
on the oscilliscope, simply by changing the abscissa to 4.V.
(In practice this is done by turning a switch that opens the 
shutter and changes the abscissa scale at the same time).
Thus a second plot gives an angle O such that:-
Tan - 4 Pbox
4 v
Measurement of R in a whole body plethysmograph.
3W
shutter closed
Plethysmograph 1 m
A Pmouth
ARnouth
mouth
shutter
0M 1^1 ■■
open \ ! X
box i
Tan <9-2 _ A Pbov/A V ____
T an ©"1 APb dx/A? m ou t h
APmouth
AV
= P otaw
where
Vtg
VBOX
^ Vtg
A  P.BOX
A v
A  P.mouth
Volume of gas in the thorax
Volume of Plethysmograph - volume of subject
change in volume of gas in the thorax as 
subject "pants" against a shutter closed
change in pressure in the plethysmograph
change in flow rate as subjccfpantrf’ with 
shutter open. This is less than 0.51 l.sec"1
and therefore laminar
change in mouth pressure as the subjects 
"pants"against; a closed shutter. This is the 
same as the change in alveolar pressure (
It is then;plain that
T a n  <?2 ■dpbox/AV ^  Pmouth 
A V
RawTan A Pbox//) Pmouth.
The measurement of Raw is usually combined with the . measurement
of Vtg./ Raw can therefore be determined at varying lung
volumes. Since the relationship between lung volume and
airways resistance'is curvilinear (Fig. 10a) it is common to 
use the reciprocal of Raw, the Airways Conductance (Gaw)
(Briscoe and DuBois 1958, Lloyd and Wright 1963) which quantifies
the ’’ease with which air flows along the airways". The
Gaw-volume relationship is often linear (Fig. 10b) and the
gradient is termed the specific airways conductance SGaw (Fig. 10c).
However, in cases when the Gaw-volume relationship is not
linear, by convention the SGaw is quoted for functional residual
capacity (FRC). Although the SGaw is sometimes useful in
summarising Gaw data, it may be misleading if the slopes and
positions of the Gaw-volume curves differ, because SGaw will
only remain independent of lung volume if the Gaw-volume slope
is a straight line through the origin (Pride 1971) It is
thus possible to have the same SGaw for two grossly differing
Gaw-volume relationships as shown in Fig. 10c. It is thus
preferable to describe the conductance of the airways in the
form of a Gaw-volume plot.
Lung Distensibility : The static elastic recoil pressure 
(Pst(l)) - volume relationship
The static or elastic recoil pressure of the lungs Pst(l) is 
the difference between the pressure in the alveoli (Palv) and the
a b
The Raw - volume relationship is curvilinear:- q,w _ volume relationship is often linear:- I
TLCRV
* 1 tunc Volume (Vt_) |
lung Volume (Vtg) j |
S Gaw=0.2
iI
Gaw
0.4
TGV (liters)
Airway conductance (Gaw, liters/sec/cm HjO) as a 
function of thoracic gas volume,(TGV} . Three 
Gaw-TGV graphs are shown. Gaw at a given lung 
volume may differ even though the Gaw/TGV ratio 
(SGaw) is equal (= 0.2) on selected points of 
each curve.
(from Bouhwys Breathing P.162. 197*0•
pressure in the pleural space.(Ppl) and is often termed 
transpulmonary pressure
Ppl Paiv ,= Pst (1) -
Palv Pmouth
Pst(l) can be thought of as the retractive force which tends 
to make the lung return to its resting position and is due 
to deformation of elastic tissue in the lung, and to surface 
tensional forces in the alveoli.
Ppl is measured by placing a small latex balloon of standard 
dimensions in the oesophagus. There is little pressure 
difference across the oesophageal wall (Milic-Emili et al 1964) , 
so oesophageal pressure (Poes) is a valid estimate of pleural 
pressure.
Thus Ppl = Poes
In the static condition i.e. no flow, with the glottis open, the 
pressure in the airways becomes the same throughout.
Thus Palv = Pmouth
In practice an oesophageal balloon is connected to a pressure 
transducer which is backed off to mouth pressure, to.give a 
direct output of Pst(l) (Fig. ,32) ,
If the expired volume is measured concurrently with Pst(1), 
a Pst(1)-volume relationship can be constructed. The maximum 
static recoil pressure (RPmax) will correspond to maximum 
lung inflation i.e. TLC,
The steepest slope of the Pst(1)-volume relationship is the 
lung compliance (Cstat).
Thus Cstat = A y  '
A Pst(l)
and is defined as the change in volume per unit change in static 
elastic recoil pressure. It can be thought of as a measure 
of the distensibility of the tracheobronchial tree and pulmonary 
tissues. *
The measurement, significance and functional basis of the 
static pressure-volume relationship is excellently reviewed 
by Gibson and Pride (1976). They argue that no single meas­
urement from the curve will provide as much information as 
a display of the whole Pst(1)-volume relationship. It is 
the position on the pressure and. volume axes and the shape 
over the full range of volume that is important.
Both position and shape can be altered by any factors that 
change the volume of the lung units contributing to the 
measured volume if this is expressed in absolute units. Any
factQrs that can influence the elastic properties of the lung 
parenchyma can also change the.position and shape of the 
Pst(1)-volume relationship. Most of the elastic recoil of the 
lung is due to the surface forces in the alveoli and alveolar 
ducts.which is governed by the concentration of lung surfactant 
secreted from the Type II pneumonocytes, The surfactant also 
influences lung volume by maintaining the stability of each, 
alveolus and by determining the number of patent alveoli.
The elastin and collagen of the lung (tissue elasticity)^ 
contribute to the elastic recoil pressure, but to a lesser 
extent than the surface forces. Von Neergaard (1929) showed 
that when the air-fluid interface in the alveoli was altered 
by filling excised lungs with saline, the static elastic 
recoil pressure fell to one third of the value Qf air filled 
lungs at the same volume. This indicated that about 2/3rds 
of the Pst(l) is due to surface forces, and l/3rd to tissue 
elasticity. Additionally, the state of the pulmonary vasculature 
can have small effects on the Pst(1)-volume relationship (first 
described by Von Basch in 1887).
Total Airways Conductance - Static Recoil (CSR) Relationship
In intact man the relationship between airway dimensions and 
distending pressure can be approximated by plotting total 
airways conductance (Gaw) measured during laminar flow, against 
static elastic recoil pressure (Pst(l)) of the lung. (Leaver 
et al 1973, Colebatch et al 1973). The conductance of the 
airways during laminar flow is directly proportional to the
Fourth power of the. radius of . the . airways (Poiseuille ! s . LawJ:-
Gaw = = 8 IT 1 , r^
v /*L
Gaw is therefore a measure of overall diameters of the ' 
tracheobronchial tree. There is empirical evidence that 
Pst(1) is a useful indicator of the forces distending the 
airways during breath-holding or breathing at low flows.
In man the relationship between Gaw and Pst(l) remained 
unchanged when the Pst(1)-volume relationship was altered by 
chest strapping (Caro, Butler and DuBois 1960), In the 
intact lungs of dogs, Hyatt and Flath (.1966) reported only 
minor differences between the diameters of intrapulmonary 
airways at a given PstCl} at the same transbronchial pressure 
after dissecting away the lung parenchyma. Mead et al (.1970) 
suggest that the forces distending the bronchi would only be 
exactly equal to Pst(l) if the specific compliance of alveoli 
and bronchi were equal, and if there were no tension in the 
limiting membrance of the bronchi. They also suggest that in 
dogs this is not true, but other studies disagree with this 
finding (Hughes et al 1972),
The slope of the CSR relationship is therefore an index of the 
radial distensibility of the tracheobronchial tree. It will 
be affected by changes in any of the bronchial generations.
The CSR slope is therefore useful in distinguishing between 
extrinsic and intrinsic disease of the airways.
The Concept of Extrinsic and Intrinsic Airway Disease
In this thesis, extrinsic disease of the airways implies a
reduction in the airway distending forces, i.e,.loss of 
static elastic recoil pressure (Fig, 11) ,
Intrinsic airway disease implies any change that involves the 
airway wall or lumen. This may take the form of increased 
secretion, mucous plugging, a,irway wall encroachment into the 
lumen or stiffening of individual airways, A normal airway 
may become "obstructed11 due to loss of recoil (extrinsic 
obstruction)^ intrinsic airway disease, or both.
A reduced CSR slope will indicate narrowing or increased 
stiffness of individual airways (intrinsic disease) or may also 
be due to loss or complete occlusion of parallel airways.
With loss of lung recoil (extrinsic airway disease) without 
any intrinsic abnormality of the airway wall or lumen, the 
CSR slope will lie within the normal range (Fig. 12),
Colebatch et al (1973) outlined a similar analysis of the
CSR relationship and reported a lower CSR slope in asthmatics
whom they used as a model for intrinsic airway disease.
Patients with pure emphysema had a normal CSR slope, although 
recoil pressures were reduced. They extended their analysis
to include the significance of the intercept of the CSR
relationship on the Pst(l) axis. In emphysema the intercept
occurred at a higher pressure. They found that age increased
the intercept but did not affect the CSR slope; however,
age difference alone could not whol^ly account for the higher
intercept of an emphysema group when compared with controls.
They suggested that this observation could be explained by
airways with narrower lumina without increased rigidity, and
Fift* 11
NORMAL' RECOIL (Pst(1)) 
NORMAL AIRWAY WALL
NORMAL RECOIL (Pst(l)) 
INTRINSIC AIRWAYS DISEASE
EXTRINSIC AIRWAY DISEASE 
(LOSS OF RECOIL (Pst (l)) 
NORMAL AIRWAY
Showing the difference between Instrinsic and extrinsic airways 
obstruction.
(adapted from Leaver, 1973).
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Normal
Extrinsic Airway Disease 
(loss of lung recoil)
of recoil with narrower (but 
(not stiffer) airways)
  ---  Intrinsic Airway Disease
 (Airway narrowing or stiffening or
loss of parallel airways)
Pst(l)
Schematic Total Airways Conductance - Static Recoil (CSR) 
Relationship.
Loss of lung recoil leaves the CSR slope unaltered, but 
intrinsic airways disease reduces the CSR slope either by 
narrowing and stiffening of airways or loss of parallel 
pathways in the whole trachobronchial tree. A shift of the 
intercept to higher values of Pst(l) indicates narrower, 
but not necessarily stiffer airways.
(adapted from Leaver et al, 1973 and Colebatch et al, 1973)
gave supporting evidence by demonstrating a greater shift of 
the intercept to higher pressures in patients. with emphysema 
and bronchitis (Smith and Colebatch 1970),
Maximum Expiratory Flow - Total Airways Conductance (MEF/Gaw) 
Relationship .
Leaver (1973) pointed out that-the MEF/Gaw slope wa,s inversely 
related to the CSR slope
MEF = -Gus x Pst(l) (from Mead et al 1967)
MEF
Gaw
= Gus x pst (1) 1
Gaw
Now Gaw . . _ CSR slope, which is proportional to
Pst(l)) bronchial distensibility
Thus MEF = Gus = Gus
Gaw CSR Slope Bronchial Distensibility
•The MEF/Gaw slope would appear to give no more information 
about the lungs than the CSR slope. However, Leaver et al (1973) 
found the former to discriminate better between subjects with 
extrinsic and intrinsic airways disease (Fig. 13).
Schematic Maximum Expiratory Flow-Total Airways Conductance
Relationship
Intrinsic Airways Disease 
Airway stiffening or loss of .parallel pathways)
MEF
>N ormal
Extii-nsic Airways Disease 
(loss of lung recoil)
G aw
(adapted from Leaver et al, 1973).
ASSESSMENT OF THE MECHANICAL PROPERTIES OF THE PERIPHERAL
’("SMALL") AIRWAYS
Concept of "Small Airways Disease11 ,
In 1915 Rohrer had considered that 90% of the airflow resistance 
from the alveoli to the trachea would lie in bronchi of 
1mm diameter or smaller. He based this estimate on morpholo­
gical measurements made in collapsed lungs and apparently 
underestimated the number of airways smaller than 4mm internal 
diameter. Weibel (1963) reported that the number of 'smallest 
bronchioles in.a human lung inflated to 75% of the total lung 
capacity, was about two and a half times larger than Rohrer 
had suggested, and therefore that the total cross sectional 
area of airways increased peripherally (Fig, 14).
Weibel’s model (Model A) was based on regular dichotomy of 
the airways. More recently Horsefield and Cumming (1967) 
reported similar results in a more realistic model - that of 
irregular dichotomy. Green (1965), using Weibelfs measurements, 
estimated that on account of the large cross sectional area, 
the resistance between the alveoli and the 12th generation 
airways (about 1mm diameter) should be only 10% of the total 
airway resistance.
Direct measurement of intrabronchial pressures and partitioning 
of the airways resistance between the alveoli and the trachea 
into central and peripheral components using a retrograde 
catheter technique (Macklem and Mead 1967) showed that in dogs 
the resistance of the airways between 1,5 and 2.5 mm internal
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The total cross-sectional area A ^ )  is shown 
for given airway generation (Z). Generation 
0 is the trachea. Note the striking increase 
in total cross-sectional area of the 
peripheral airways.
(From E. R. Weibel, 19&5).
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Distribution of Airways Resistance (cml^O.1 .sec” )
UPPER AIRWAYS 
(larynx, pharynx)
CENTRAL AIRWAYS 
(approx. diameter 
>2 mm.
approx.generations 
0 - 8)
PERIPHERAL AIRWAYS 
(approx. diameter 
<2. mm.
approx generations 
9 - 2 3
NORMAL
w
0.*+
0.2
SMALL AIRWAYS 
DISEASE
0.5
O.k
0.**
TOTAL Raw 1.1 (Normal) 1.3 (Normal
Diagramatic representation of the Distribution of 
Airways Resistance. Doubling the resistance of the 
peripheral airways results in only a minimal rise 
in total airways resistance.
diameter was too small to measure above 80% of the vital 
capacity, and only increased to 15% of the total resistance 
at 10% of the vital capacity. Thus even over the whole vital 
capacity range it became clear that the peripheral resistance 
was only a small proportion of the total airways resistance.
This pattern of distribution of airways resistance was confirmed 
in the human lung by Hogg, Macklem' and Thurlbeck (1968J_.
Thus it is possible for quite severe and widespread abnormalities 
of small airways to coexist with minimally altered airways 
resistance. This is exemplified in Fig. 15 which shows that 
doubling of the resistance of the peripheral airways may only 
cause an increase in total airways resistance from 1.1 to 1. Scittf^ O
The peripheral resistance must be more than quadrupled before 
it alone can make the'measured total airways resistance 
abnormal. Furthermore, because it represents the bulked effect 
of all the airway generations in series, it is possible that 
a normal airways resistance might result from the combination 
of narrowing in some bronchial generations and an increased 
distensibility in other airways. This effect could be particu­
larly pronounced if there were increased compliance of the 
largest airways which would mask considerable small airways 
disease.
For these reasons, the application of conventional lung function 
tests to assess the early pathophysiological changes in the 
lung due to exposure to coal mine dust, may be inappropriate, 
because these changes occur at the level of the respiratory 
bronchioles. In recent years however, theoretical advances
in. the field of lung mechanics have led to the development 
of some new tests which have been designed specifically to 
assess the mechanical properties of the "small" airways.
"Before the principles underlying the assessment of small airway 
function can be described, it is necessary to outline some 
• of the recent advances in pulmonary mechanics theory.
The Isovolume Pressure Flow (IVPF) Analysis
Fry and Hyatt (1960)were the first to unify the relationship 
between pleural pressure, gas flow, and lung volume. They 
obtained isovolume pressure flow (IVPF) curves by recording 
simultaneously oesophageal pressure, air flow and lung volume 
during the performance of vital capacity manoeuvres with varying . 
inspiratory and expiratory effort. The pressure and flow 
points corresponding to particular lung volumes were plotted 
to obtain an IVPF curve. A family of IVPF curves were constructed 
by choosing pressure and flow points corresponding to different 
levels of lung inflation. The zero flow points represent 
the static elastic recoil pressure (Pst(1)) at the particular 
lung volume.
Oesophageal pressure was taken to represent pleural pressure 
(Milic-Emili et al 1964). Air flow was measured at the 
lips using a pneumotachograph and lung volume was obtained 
spirometrically at the mouth. More recent workers have 
however, measured lung volume plethysmographically (Mead et 
al 1967), Olaffson and Hyatt 1969) in order to avoid errors 
due to compression of alveolar gas (Ingram and Schilder 1966, 
Takishima et al 1967).
A typical IVPF curve at approximately 50% of the vital capacity
for a normal subject is shown in Fig. 16, At zero flow
pleural pressure is negative and is equal and opposite to
the static elastic recoil pressure of the lung (Kahn et al
1946), As pleural pressure is reduced below this level by
inspiratory muscle effort, inspiratory flow increases steadily
and the limit to inspiratory flow is set by the most negative
pleural pressure that can be generated. The expiratory flows
that occur with negative pleural pressure close to the static
level are produced by some continued inspiratory muscular
activity "braking" passive expiration due to the elastic recoil
pressure. The higher (more positive) values of pleural pressure
are developed by expiratory muscle activity which will summate
with the static recoil pressure of the lungs to drive expiratory
flow. It can be seen that as pleural pressure becomes positive,
expiratory flow increases at first, but when a critical pressure
(Ppl(crit)) is reached expiratory flow reaches a maximum (MEF).
«
Further increases in pleural pressure will not increase the 
expiratory flow. In most normal subjects MEF reaches a plateau. 
However, in some subjects MEF may be slightly reduced at high 
pleural pressures due to dynamic compression of large airways, 
even if the effects of alveolar gas compression are removed 
by measuring volume plethysmographically. (This effect is 
termed "negative effort dependence" (Mead et al 1967)).
Fry and Hyatt found expiratory flow maxima on IVPF curves from 
normal subjects only over the lower two thirds of the vital 
capacity, but more recently Mead et al (1967) reported that
' x -
expiratory flow was independent of effort over the lower three
Expiratory flow (l..sec
Ppl(crit)
Slope = .G-aw
•Pst(l)
Pleural Pressure (cm H,
Inspiratory flow (l. sec
Diagrammatic iso-volume pressure flow 
curve for a normal subject at 50% 
vital capacity.
quarters of the vital capacity. The. concept of effort independent 
flow aroused interest in the use of maximum expiratory flow-volume 
curves, and in particular the flows at low lung volumes in 
the detection of small airway disease.
Total lung resistance is the reciprocal of the slope of a 
line plotted from zero flow to any part of the IVPF curve.
This is a measure of the frictional airway and tissue resistance 
of the lungs at that flow and volume. The tissue resistance 
plays a minor role in determining the shape of the IVPF curves 
(Fry and Hyatt 1960) . The slope of the above.-mentioned line 
is therefore similar to the airways conductance. At low flows 
(during laminar flow) the pressure-flow relationship is almost 
linear, and therefore the conductance remains fairly constant.
The variation of Gaw with lung volume under these conditions 
has already been discussed. The slope shown as Gaw in Fig. 16 
should correspond closely to the Gaw measured from the Gaw- 
volume plot determined using the parting technique in the 
plethysmograph. However as the flow increases, the flow regime 
becomes increasingly turbulent, and the pressure losses along 
the airways become greater, resulting in lower intraluminal 
pressures. When the lateral intraluminal pressure falls below 
the extrabronchial pressure, dynamic compression can alter 
the geometry of the airway walls causing airways resistance 
to rise rapidly. The IVPF curve therefore bends towards 
the horizontal until the MEF plateau is reached where increased 
driving force is balanced by increased airways resistance.
The point along the tracheobronchial tree where this occurs 
can be called the Flow Limiting Segment (FLS), and its location
varies with lung volume, Measurements.with intrabronchiul
catheters of the location of the'FLS in excised dogs! lungs
CSmaldcne and Bergofsky (1976) showed that the FLS only
.shifted from the region of the carina at high lung volumes
to segmental and lobar bronchi at lung volumes lower than
30% TLC (Fig. 10 of their paper).- They also point out that
in intact lungs where vagal' tone is preserved (as in the studies
of Macklem and Wilson 1965, and Macklem and Mead 1968) the
site of dynamic compression of airways is further upstream
(i.e. towards the alveoli) and appears to be located in the
segmental bronchi over a greater proportion of the lung
volume. Gardine et al (1974) observed that increases in vagal 
activity in the intact dog caused the equal pressure point
(i.e. the point in the airways where lateral intraluminal
pressure equals the static elastic recoil pressure of the
lung) to move upstream from control locations, whereas vagotomy
resulted in the EPP moving downstream. These observations
support the assertion that the FLS in intact healthy human
subjects appear to be located in the large intrapulmonary
airways. Measurement of maximum expiratory flows at low lung
volumes will therefore provide information about the airways
between the FLS (located in the segmental and lobar bronchi)
and the alveoli, i.e. the small airways of the lung.
The.Equal Pressure Point (EPP) Theory
In 1967 Mead et al discussed the significance of the relation­
ship between lung recoil and maximum expiratory flow. They 
described the lungs as a simple monoalveolar model which
divided the airways into.two components arranged in series.
The two components are shown in Fig. 17 and are.:-.
a) An UPSTREAM Segment, extending’ out;to the alveoli,
in which the intraluminal pressures are always greater 
than the pleural pressure : Plu Ppl, and no compress­
ion of the airway occurs,
and b) A DOWNSTREAM Segment, extending to the mouth in which 
intraluminal pressures are less than the pleural 
pressure : Plu <  Ppl, and compression of the.airway 
occurs.
The transition between the upstream and downstream segments
occurs at the point in the airway when Plu = Ppl during
forced expiration. This is called the EQUAL PRESSURE POINT (EPP)
In the lower 75-80% of the forced vital capacity (the so-
called effort independent part of the MEFV curve) Macklem
and Wilson (1965) have shown that EPP were found to be
located in the segmental bronchi in normal subjects.
Events in the downstream segment are difficult to analyse 
since maximum expiratory flow (MEF) can increase with increasing 
alveolar pressure (Palv) i.e. with increased effort, and 
hence MEF is effort-dependent in the first 20-30% of the FVC.
In contrast, once a critical alveolar pressure (•PalvGrrj^ 
is reached, the EPP’s become .fixed in the segmental bronchi, 
and the flow and airway' dimensions (and hence the resistance) 
of the upstream segment also becomes fixed, and can be analysed.
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EQUAL PRESSURE POINT THEORY (MEAD, 1967) 
for Maximum Expiratory flow ( MEF ).
During Maximum Expiratory flow, at any lung volume, above 
PALV(CRIT)
UPSTREAM SEGMENT
SEGMENT
Puu PPL Puu-PPL Puu<Pp,
EXTRATHORACICINTRATHORACIC
Maximum Expiratory Flow (MEF) = Pst(l) = Pst(l) , Gus
Rus
Since the two segments are arranged in series, flow in the 
upstream and downstream segments must be e^ual, and it is 
therefore possible to examine the factors determining flow 
from the lungs as a whole by analysing only the upstream segment.
At maximum flow at a given lung volume the pressure in the 
alveoli (Palv) must be the pleural pressure (Ppl) plus static 
elastic recoil pressure (Pst(l)) of the lung.
Thus at the alveolus
Hence the pressure drop (i.e. driving force) from the alveoli 
to the EPP is
Palv - P__-,EPP
(by substitution)
= P _ + Pst(l) - P _ 
pi Pi
= Pst(l)
Thus the Pst(l) drives MEF, and hence the factors determining 
MEF at a given lung volume are Pst(l) and Rus:-
Palv Ppl + Pst(l)
at the EPP
Plu
MEF Pst(l)
Rus
where
Rus Resistance of the upstream segment.
Mead et al then proceeded to analyse the components of the upstream
resistance.
Analysis of the resistance of the upstream segment (Rus)
At any particular lung.volume during effort independent flow
(i.e. above Palv. .,. ),(crit)
Rus - Pst(1)/MEF
Rus will have two components;-
.Rus = Rfr + Rea
Rfr is the resistance due to frictional losses, and is due 
to laminar and turbulent flow.resistance
. Rfr = . Rla + Rtu
Usually turbulent flow occurs when.the Reynolds number (Re) ^  
is greater than 2000, and laminar flow occurs when the He
is less than 1000. Between these two values transitional
flow may occur.
Rea is the. resistance due to convective acceleration.
Hence:-
Rus - Rla + Rtu + Rea
In order to predict the maximum flow-static recoil (MFSR) 
relationship, the formulae given in Fig. 18 were employed.
(1)
Re = Or.r (/°/^) , where/v-= mean linear velocity of gas, 
r - radius of the airways in the upstream segment, 
p  ~ density and \ = viscosity.
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The Pride, Analysis
Pride, Permutt, Riley and Bromberger - Barnes (1967) also 
analysed the factors determining maximum expiratory flow.
Their model was also monoalveolar and is shown in Fig. 19.
The airway consisted of two rigid tubes connected in series 
by a short segment of collapsible tube. The airway between 
the alveoli and the collapsible segment was called the segment 
S, and that from the collapsible segment to.the mouth was 
called segment D. If the collapsible segment formed a flow 
limitating orifice whenever pleural pressure became slightly 
higher than the intraluminal pressure, then, just as in the 
equal pressure point theory, the driving force in the S seg­
ment would be Pst(l) and the conductance relevant to that 
particular MEF would be the conductance of the segment S 
denoted Gs. If however the collapsible segment required a 
positive pressure difference across its walls to close it 
(i.e. exhibited some structural rigidity), then flow limitat­
ion would not occur until the pressure drop down segment S 
exceeded Pst(l) by an amount termed the critical transmural 
pressure Ptm’. They thus gave an equation defining the 
relationship between maximum expiratory flow and static recoil 
pressure which was analagous to that described in the Mead 
analysis, .but included the factor Ptm' which is an index 
of the collapsibility/rigidity of the flow limiting airways:
MEF = (Pst(l)' - Ptm').Gs
Thus if there were an inherent tendency for the flow limiting 
airways to collapse, it would only be prevented by a positive 
intraluminal pressure and Ptm1 would be positive. If however
Starling Resistor Model of the Lung (Pride et al, 1967)*
st(L)
•segS •seg D
ALV
ExfrrathoracicIntrathoracic
The wavy line represents the collapsible segment. 
Maximum Expiratory Flow (MEF) = (Pst(l) - Ptm*) Gs.
the flow limiting segment possessed some inherent structural 
rigidity, the lateral intraluminal pressure would have to 
be relatively lower than the pleural pressure at closure, 
and Ptm' would be negative. This analysis can also be applied 
to an airway which is potentially collapsible throughout its 
length, and Ptm' would therefore relate to the properties of 
the flow limiting segment of the airway.
Earlier it was shown that the FLS appeared to be located in 
the segmental bronchi in intact humans. Since the segmental 
bronchi are intra-pulmonary airways, Ptm* should depend not 
only on the properties of the walls of the airways, but also 
on the surrounding lung tissue (radial traction, compression) .
The Maximum Expiratory Flow-Static Recoil (MFSR) and the
upstream conductance (Gus)-volume relationships
Fig. 20, adapted from Smaldone and Bergofsky (1976), summarises 
the relationship between the Mead EPP analysis and that due 
to Pride et al. In practice the Pst(l)-volume relationship 
and MEFV curves will have been measured, so MEF can be related 
to Pst(l) at various lung volumes in order to obtain an MFSR 
relationship. The MFSR plot can then be interpreted according 
to both the EPP and Pride analyses to provide information 
about small airway function.
The slope of the MFSR plot is Gs and the intercept on the 
pressure axis is Ptm'. A line drawn from the origin to any 
point on the MFSR plot is the Gus. In this case, when the 
MFSR plot is linear, Gs remains constant while Gus will vary 
with lung volume (Fig. 21a). A typical Gus-volume plot is 
shown in Fig. 21b.. When the MFSR relationship passes through 
the origin, the FLS is located at the EPP, and Gs = Gus 
(Fig. 21c) , and both will be constant as lung volume changes 
(Fig. 21d) .
In normal subjects, the MFSR plot appears to pass through or 
very near to the origin, so Gus and Gs are similar and Ptm1 
is close to ‘zero (Fig. 22a). A reduction in elastic recoil 
would reduce MEF, but would not be expected to alter the 
MFSR slope. A decreased conductance of the upstream segment 
will be reflected as a reduced MFSR slope and interpreted as 
a low Gs and Gus. A change in Ptm' alone, with normal elastic 
recoil and normal upstream conductance would result in parallel
2°
Monoalveolor lung model summarising the relationship 
between the Mead Enual Pressure Point theory (196?) 
and the analysis of Pride et al (1967)«
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Schematic Maximum Flow - Static Recoil (MFSR) Plots.
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J. Clin. Invest. 52.2117 ~ 2128.
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(a) Loss of lung recoil does 
not affect the MFSR slope. 
Reduced MFSR slope 
indicates decreased 
upstream conductance.
(b) Parallel displacement of 
Maximum Flow points to 
higher values of static 
recoil pressure. In the 
Mead et al (1967) 
analysis, this is also 
interpreted as a decreased 
upstream conductance.
(c) Parallel displacement of 
Maximum Flow points to 
higher values of static 
recoil pressure. In the 
Pride et al (1967) 
analysis, the conductance 
of the S segment remains 
constant but the reduction 
.an Maximum Expiratory Flow 
for a given recoil pressure 
is due to enhanced 
collapsibility of flow 
limiting airways.
•displacement of the normal MFSR plot (Fig. 22b and c); In 
the analysis of Mead et al.(1967) this change would be 
interpreted as a reduced Gus (Fig. 22b) but using the Pride 
analysis the Gs would remain constant but Ptm’ would change 
(Fig. 22c), indicating that the abnormality is due to enhanced 
collapsibility of the flow limiting airways.
Maximum Expiratory Flow-Volume <('MEFV) Curves
In the effort dependent part of the MEFV curve (Fig. 23), the 
flows (including peak expiratory flow rate) can be influenced 
by the effort applied by the expiratory muscles and the total 
airways conductance. It has already been shown that over 
the lower three quarters of the expired vital capacity the 
MEF is independent of the effort applied (Mead et al 1^67). 
Thus as long as the effort maintains Palv above a critical 
level, maximum expiratory flow at a particular lung volume is 
fixed. Thus at low lung volumes
MEF = Pst(l)/Rus = Pst(l).Gus
Maximum expiratory flows will be reduced at all lung volumes 
if the total Raw-is increased, or Pst(l) is reduced. However, 
at low lung volumes a reduced MEF in the presence of normal 
Raw must be either due.to a reduction in Pst(l) or decreased 
Gus or both.
The MFSR relationship can then be used to differentiate 
between these two factors, and to analyse the Gus further in 
terms of Gs and Ptm'.
Fig. 23
i Maximum Expiratory Flow - Volume Curve.
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Fig. 24
Gus - Gaw Relationship.
normal
intrinsic airv/v.y disease
Gaw
The Upstream Conductance - total airways conductance
(Gus-Gaw) relationship
In normal subjects Gus remains almost constant as Pst(l)
and lung volumes vary (see Fig. 21d), and will therefore
result in a nearly horizontal Gus-Gaw plot as Gaw increases
(Fig. 24). However when Gus is diminished as in small
airways disease, increased frictional losses will tend to
become the dominant factor in determining the values of
both Gaw.and Gus, and these values might be expected to be
similar. Therefore, the Gus-Gaw relationship will slope
towards the origin, and the magnitude of the slope should
be a measure of the extent to which Gus contributes to Gaw.
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The maximum expiratory flow response to breathing a helium- 
oxygen gas mixture
The Volume of Isoflow (VIS(^ /FVC%)
??he Volume of Isoflow (V£goy^ test was introduced by 
Hutcheon et al in 1974, and has been claimed (Gelb et 
al 1975) to be more sensitive to alterations in peripheral 
airway function than the closing volume test, MEFV curves 
and the frequency dependence of dynamic compliance.
However this claim has yet to be substantiated by workers 
other than the Gelb/Hutcheon group.
The test involves comparing an MEFV curve obtained with the 
subject breathing air with an MEFV curve after the subject 
has breathed an 80%:20% helium/oxygen gas mixture, which has 
almost the same viscosity as air (12% greater) but a much
lower density (36% of air).
Mead’s equation 1967 states that 
MEF = Pst(1)/Rus 
Empirically, Pst(l) should not alter with a change in gas 
density and this was observed in pilot studies for this thesis.
It follows therefore, that any difference in MEF when the 
gas density is changed must be due to an alteration in the 
Rus. It was shown earlier that Rus has three components 
i.e. the resistance due to turbulent flow (Rtu), convective 
acceleration (Rea) and laminar flow (Rla). At high flow rates 
(when the Reynolds number exceeds 2000) the EPP’s are located 
in large airways and the Rus is due primarily to Rtu and Rea.
Both Rtu and Rea are density dependent (Fig. 18) explaining why 
at the higher flow rates, the MEF on He/O^ is higher than on air.
However at lower flow rates (when the Reynolds number falls 
below 1000) the EPP’s move upstream and the flow regime becomes 
predominantly laminar . in which case the gas flow rate will be 
independent of the gas density according to Poiseuille’s equation. 
The lung volume over which flow is density independent, i.e. 
the isoflow region, can be expressed as a per cent of the 
forced vital capacity and is called the volume of isoflow 
(V »/FVC%) (Fig. 31). However an increase in V -?/FVC%
JLbUV lo U V
will not distinguish between extrinsic and intrinsic airway disease 
"The helium response" at 50%VC (IiEF^QH/A%)
Despas et al (1972) suggested that the response to breathing 
helium could also be assessed by measuring the flow rates 
at 50% of the FVC after a subject has breathed air and after he
has breathed the less dense He/02 gas mixture. They measured
the increased flow when a subject breathed He/02(H) and expressed
it as a percentage of the flow when he breathed air (A)
"Helium Response":
• MEF- (H - A) = ^ 50(H) - MEF50(A) ^ ^
MEF50(a )
A normal value was found to be approximately 20%, and subsequent 
workers have used this index in studies to determine the site 
of airways obstruction in asthmatics and smokers (Artie and 
Macklem 1976, Chan-Yeung et al 1976, Malo and Leblanc 1975, 
Benatar et al 1975, Mildon et al 1974).
In this thesis, a similar index was used (Fig. 31) to provide 
the same information and was defined as follows 
"Helium Response":
. MEF_ _(H) ,MEF H/A% = 50 x 100%
m e f50(a )
A normal value for this index is about 120%. The ratio is 
easier and quicker to calculate-, and rounding errors are less. 
Since the viscosity of the He/02 gas mixture is 12% greater
than that of air, when the vISoy/FVC% 9reater than 50% the
MEF__H/A% may fall below 100% and the .index used by Despas et 
50
al (1972) would become negative. *
Dosman et al (1975) reported that ageing did not affect the
MEF_-H/A%, whilst the Pst(l) fell and the V */FVC% rose.50 * ISOV
Similar results have been obtained in this thesis (appendix V) .
This observation has led to the suggestion that the MEF^qH/A%
is not influenced by loss of elastic recoil, and is therefore 
specific to the calibre of small airways. An empirical 
argument leading to the same conclusion but which does not 
appear in the literature, is outlined below
MPP ' ^ (H V
MEF H/A% = 50 x 100%
MEF50(A)
Using the equation of Mead:-
MEF (H) = Pst(l)(H)/Rus(H)
50
and,
MEF5q (A) = Pst (1) (A)/Rus (A)
Now Pst(l) is unaltered by varying gas properties, so 
Pst(l)(H) = Pst(1)(A) = Pst(l)
Hence
MEF5 (H)/MEF5 (A) = Pst(1)/Rus(H) = Rus(A)/Rus(H)
Pst(1)/Rus(A)
which demonstrates that MEF5Q/A% is independent of Pst(l).
At 50%VC, the Rus is due mainly to convective acceleration and
turbulent flow, and is therefore dependent upon the magnitude
of the flows, the physical properties of the gas and the calibre
of the airways at and upstream of the EPP. Since the flows
are measured and the physical properties of the gases are
constant, it follows that the MEF_riH/A% must be related to50
small airway calibre. Thus in theory at least, study of the 
volume of isoflow -and response to helium at 50%VC would appear 
to be a relatively simple and easy method for distinguishing 
between reductions in maximum expiratory flows due to extrinsic
and intrinsic airway disease. However, both these indices are 
associated with high coefficients of variability (table 28 in 
appendix V and^ Zeck et al 1975). Some suggestions for minimizing 
the variability and improving the test are given in appendix II. 
There are no published reports of the helium response in ' 
coalminers, although some data has been collected by Love and 
Muir (personal communication 1977).
Closing volume (CV/VC%), closing capacity (CC/TLC%) and the 
Nitrogen Index (^ Index).
Milic-Emili et al (1966) and Dolfus et al (1967) showed that 
when air (labelled with 133Xenon) is inspired after a maximal
expiration, at the beginning of the inspriation most of the 
air goes to the apical regions and only a small proportion to 
the basal regions of the lungs. Thus if the initial part of 
the inspiration is labelled with inert marker gas, it will 
be preferentially distributed to the lung apices. In practice 
this can be done by introducing a bolus of inert gas such as 
argon or helium at the beginning of inspiration (inert gas 
bolus method). Alternatively as in the modified single breath 
nitrogen test used in the present study (Buist and Ross 1973), 
a single vital capacity inspiration of 100% oxygen can be used 
to induce an apex to base nitrogen gradient (the resident gas 
method). The reason for the preferential distribution of 
inspired air to the apices is accounted for by the apical 
alveoli having larger expansion ratios than basal alveoli due 
to the gravity dependence of the lung (Glazier et al 1967) 
i.e. the intrapleural pressure (Ppl) falls from apex to base 
(Fig. 25) .
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The expansion ratio (change in diameter ner unit change in
distending pressure) of anical alveoli, at the beginning of 
inspiration after a maximal expiration, is higher than that 
of basal alveoli because they are operating higher up the 
volume axis of the pressure - volume relationship. Hence 
gas is preferentially distributed to the apex of the lung.
Pst(l)-
LUNG AT RV. volume relationship
oo\ocp
0 . 0 0 0 0
ooooooooo©
,00000000000 o
(Adapted from J. B. Vest, 1965)
Fjg. 26
The Modified Single Breath Nitrogen Test.
CV-
IV
?0 III
Phase I represents dead space gas; phase II, 
mixture of dead space gas and alveolar gas; 
phaee III, alveolar gas; phase IV, gas from 
upper lung zones after lower zone airways 
have ceased to contribute to the expirate.
If the concentration of the inert marker gas in the subsequent 
slow expiration is monitored, a typical trace is obtained 
(Fig. 26). Phase I represents the washout of deadspace gas.
Phase II represents the washout of mixed deadspace and alveolar 
gas. Phase III is called the alveolar plateau, and it invariably 
has a small positive slope, even in normal healthy subjects.
The magnitude of the slope is measured as the Nitrogen Index.
This is defined as the change in nitrogen concentration for 
a given expired volume. The positive slope indicates that 
the best ventilated areas of the lungs (i.e. the areas that 
have had the greatest increase in the ratio of ventilation 
to initial volume during the preceding vital capacity inspiration 
(the expansion ratio)) empty first and the less well ventilated 
areas empty later in the expiration. Opinion remains divided 
over whether this effect is a result of the normally existing 
grayity determined pressure gradient or of inhomogeneity within 
lobes owing to small local differences in the time constants 
of different lung regions (Otis et al 1956). After the pulmonary 
blood has had time to recirculate, an additional factor may 
also contribute to the small positive slope of the alveolar 
plateau. Since oxygen uptake exceeds the evolution of carbon 
dioxide during the single prolonged expiration a progressive 
rise in nitrogen concentration will result (Cotes 1975) .
Therefore only the initial part of the alveolar plateau reflects 
the uniformity of distribution of alveolar ventilation. In 
order to minimise the gas exchange effects, the Nitrogen Index 
in this thesis was determined as the change in nitrogen concen­
tration between 750 and 1250 ml of expired air.
In disease, when there are many collaterally ventilated air­
spaces the slope of the alveolar plateau may be increased due 
to incomplete diffusion in the terminal lung units (Engel 
et al 1973), and both gravity dependent and particularly 
regional inhomomgeneities in pleural pressure would tend to 
be accentuated, resulting in a steeper Phase III slope. Thus 
an abnormally high value for the Index indicates that
4
an extraordinarily wide range of expansion ratios exist in the 
lung (Cotes 1975).
Whatever the mechanisms underlying the slope of the alveolar 
plateau, Buist and Ross (1973) report that this index is the 
most "sensitive" of the measurements obtained from the modified 
single breath nitrogen test in that, in smokers, it was 
abnormal more often than CV/VC%, CC/TCC%, RV or RV/TCC%.
Howeverthe Index cannot be used to distinguish between 
extrinsic and intrinsic airways disease.
The onset of Phase IV can be explained as follows. Towards 
the end of the expiration, because the intrapleural pressure 
is less negative at the lung base due to gravity dependence, 
the first airways which start to become compressed (Hyatt et 
al 1973) or to close (Burger and Macklem (1968) are the basal' 
airways, and there is a marked increase in the contribution 
of the inert gas from the apices, resulting in an abrupt 
rise in the concentration of the inert gas of the expired 
air (Fig. 26). .
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Hyatt et al (1973) argue that the closing volume could be 
determined by the dynamic flow limiting properties of the 
intrapulmonary airways and not be real closure. However, 
Travis et al (1973) have shown that between flow rates of
0.1 and 1.4 litre sec \  changes in closing volume are small 
and airway closure occurs at lung volumes above the level of' 
flow limitation. They recommend that expiratory flow rates 
should be maintained at values less than 0.5 litre sec 
Any airways unsupported by cartilage could close (Buist 1975) 
but the exact site of airway closure is still uncertain.
The closing volume (i.e. vplume of Phase IV) is usually 
expressed as a percentage of total lung capacity - 
(QC/TLC% = (CV + RV)/TLC%).
The magnitude of these indices can be influenced by technical 
as well as physiological factors. The technical aspects of 
the method and trace analysis that influence the measurement 
have been the subject of much debate, but Buist (1975) recommends 
that this source of variability can be reduced by strict ad­
herence to procedures. The physiological factors that can 
influence the measurement of closing volume include variations 
in intrapleural pressure and expiratory flow rate and are 
reviewed by Collins (1973). Essentially when all other 
variables are controlled, the CV/VC% and CC/TLC% will increase 
with any condition of the lung that produces premature airway 
closure. This test therefore cannot distinguish between 
extrinsic or intrinsic airway abnormalities.
Frequency dependence of dynamic compliance
This test for small airway function was not used in this study, 
but is mentioned in the discussion. Accordingly, only a brief 
description of the test and its significance is included at 
this point. The test consists of measuring the dynamic 
compliance (i.e. the change in volume with unit change in 
transpulmonary pressure at zero flow rates) (Cdyn) at different 
frequencies of respiration (10 - 100 breaths min "S and 
relating it to the static compliance (Cstat). It is technically 
exacting, requiring fast response instrumentation, careful 
control of tidal volume, lung volume history and absolute lung 
volume. In addition maximum co-operation from the subject 
is required. A decrease in compliance as the breathing fre­
quency increases is the expression of a distribution inequality 
of the inspired gas between different lung regions. Different 
areas of the lung can fill and empty asynchronously. At
higher breathing frequencies the lung units with a long time 
constant (resistance x compliance) will receive a smaller 
part of the tidal volume than those with shorter time constants. 
‘•The dynamic compliance at these higher frequencies will 
therefore reflect the condition of the lung regions with 
shorter time constants. In consequence Cdyn will become rel- 
*atively smaller than Cstat and the ratio Cdyn/Cstat will fall
i.e. demonstrate frequency dependence. Regional variations 
in either resistance or compliance could produce frequency 
dependence of Cdyn. Small airways abnormalities can only be 
implied if frequency dependence of Cdyn is observed in the 
presence of a normal Pst(1)-volume relationship, and of normal 
values for the indices of total airflow obstruction (e.g. Raw) , 
and by assuming that no regional differences in resistance 
or compliance exist in the normal lungs. The original mathe­
matical analysis is d\ie to Otis et al (1956) . Woolcock et 
al (1969) were responsible for suggesting that this test could 
be used to indicate small airways disease.
CHAPTER 4
METHODS
j #  : • '*;7 ' ;
} It would have been preferable to have selected 36 controls but ^ this was not 
! possible because the tine period over which the experimental work had to be 
| carriedvout was limited to 10 weeks.
Subject Selection 
Coalminers
The names of coalminers thought to be suitable for this 
. study were obtained from the M,R.C. Pneumoconiosis Unit, 
the M.R.C. Epidemiology Unit, the Cardiff Pneumoconiosis 
Medical Panel and the National Coal Board collieries in 
. South Wales and were visited and interviewed at home.
If a miner fulfilled the criteria given in Table 2, he 
was informed of the aims and details of the study and 
invited to attend the laboratory for physiological asses­
sment. The man*s general practitioner was informed of 
our actions at the beginning of the study and invited 
. to comment.
36 coalminers who fulfilled the selection criteria were 
studied in the laboratory.
Controls
Ten controls were selected using the same criteria (Table 2), 
except that they had never worked in a job associated with 
coal mine dust. Most of these men worked in shops in 
the same geographical area as the coalminers,
Experimental protocol
The measurements listed in Table 3 were made on two days per 
week for a period of ten weeks between September and 
December 1976 according to the protocol outlined in .Table 4.
A critical appraisal of the reliability of the lung mechanics 
tests is included in appendix V. The prediction equations 
for the normal values used in this thesis are given in Table 5.
Table 2
Criteria for Selecting the Coalminers
Radiological categories 0, 1, 2 and 3 including p, q or r type 
opacities’ ‘ : ! ;'v; ■; .
Exposure to coal mine dust for at least 5 years.
All the coalminers should have been exposed to 
coal mine dust of similar rank.
Age range 40 - 70 years
Retired, ex-miners, and working miners were 
accepted. (One man aged 38 years was included).
Non-smokers
Ex-smokers were rejected. Non-smokers defined 
as smoking less than one cigarette per day for 
one year.
No symptoms of chronic bronchitis
Men with mild respiratory symptoms were accepted 
provided that the symptoms were not due to 
chronic bronchitis. Thus we could accept occas­
ional cough and/or phlegm but not cough and/or 
phlegm on most days (or nights) for as much as 
three months each year. (5, 10). "Acute 
bronchitis" on one occasion (but not recently) was 
acceptable, but recurrent attacks were not.
No wheeze
Occasional (infrequent) wheeze was acceptable (15a) 
A wheeze or whistling sound from the chest on most 
days (or nights) (15b) and attacks of shortness of 
breath with wheezing (16a) were not acceptable.
No other chest illnesses in the last three years
Any man with a history of chest illness was 
rejected.
Any grade of dyspnea was acceptable.
No exposure to other respiratory hazards.
Note: The numbers in parentheses refer to the number ascribed
to the relevant questions in the M.R.C. Questionnaire 
on respiratory symptoms.
Table 3
Data obtained from the coalminers
MRC Questionnaire on Respiratory Symptoms 
Clinical examination
I
,Blood sample 
Dust exposure history 
Chest radiograph.
Transfer factor (T^ ) and total lung capacity (TLC) 
by the closed circuit helium dilution method
Anthropometric measurements
MEFV curves on air and He/O^
Pst(l) - volume relationship 
Gaw - volume relationship
Closing Volume (CV) by the modified single breath 
nitrogen method.
Progressive submaximal exercise
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’The simple dust exposure index was derived by the author empirically by 
‘arbitrarily weighting YRCF, YRUG and YRSW as 3, 2 and 1 respectively. In 
order'that YRCF was not counted twice, the second* term removed YRUG from * 
YRGF (ie YRCF-YRUG). It seemed sensible to include age as well as an expos­
ure index to take into account the normal "ageing" of the lungs. In retro­
spect it would have been preferable to include age by weighting "Years not 
worked in the coalmining industry" as 1, and estimating the weights of CF, 
UG and SW by making them maximize the sum of squares attributable to the 
regression on the weights as a fraction of the total sum of squares. The 
deviations of the weights from unity would then provide direct evidence of 
any health effects of that kind of exposure over an ordinary year of life 
(personal communication P D Oldham, 1978). Due to the small number of sub­
jects (36) this type of analysis was not carried out, and it is shown in 
Appendix VI that the use of the dust exposure index is no better than using 
the.much simpler>.index YRUG. ;  .. : ,v. . o*.
Respiratory symptoms and dust exposure
After a clinical examination and aswering the M.R.C. questionnaire 
on respiratory symptoms (1960), a venous blood sample was taken for 
haemoglobin and oc^ antitrysin analysis (appendix 1). A detailed
dust exposure history was recorded. Subsequently the number of
4- -Ho- Ufj^xxC*<LCr:')
years worked underground (YRUG)}j[and the number of years worked on 
the surface at a coalmine (YRSW) were determined. A dust exposure 
index was calculated as follows:-
Dust exposure index = 3(YRCF) + 2 (YRUG - YRCF) + 1 (YRSW) + AGE
jXusvf- ^
Chest radiography
A standard postero-anterior (P-A) chest radiograph was taken at 
full inspiration. Subsequently the chest radiographs of the 
subjects were classified by one experienced reader, Dr. J.
C. Gilson, according to the UlCC/Cincinnatti classification of 
the radiographic appearances of pneumoconioses (1970). In most 
cases, earlier chest radiographs for each subject were available 
and these were taken into consideration when classifying the 
radiograph obtained in the present study. A summary of the 
important features of the UlCC/Cincinnatti system is given in ' 
Table 6. Essentially the P-A chest radiographs are classified 
into those with no opacities, those with small rounded or small 
irregular opacities, and those with large opacities. The size 
(types p, q, r or s, t, u or A, B, C), profusion (categories 0/0 
to 3/4) and extent (upper, middle and lower zones for each 
lung) of the opacities are described.
V l C C / C i n c i n n a t i  C lassif icat ion  o f  l lu i l i a g r a p h ic  A p p earan ces  o f  I 'n e u n u ieo m o scs
Codes D efin itions
a ll Rounded
cities Profusion
ther
caturcs
Type
E xtent
Irregular
Profusion
o/- 0/0 0/1
1/0 1/1 1/2
2/1 2/2 2/3
3/2 3/3 3/4
P <1 r ■
L un g  zones
Type
E x te n t
0 / - 0 /0 0 /1
1 /0 1/1 1/2
2 /1 2 /2 2 /3
3 /2 3 /3 3 /4
B t u
L ung  zones
The category of profusion is based on assessment of the concentration o f opacities in  tf ic  affected 
zones. The standard Clnis dctinc the m id categories.
Cutcgory 0— small rounded opacities absent or less profuse than in  category 1.
Category 1— small rounded opacities defin ite ly  present b u t re la tive  few in  number.
Category 2—small rounded opacities numerous.
The normal lung m arkings arc usually s t i l l  v is ib le.
Category 3—small rounded opacities ve ry numerous.
The normal lung m arkings arc pa rtly  or to ta lly  obscured.
The  nodules are classified according to the approxim ate d iam eter o f the predom inant opacities.
p— rounded opacities up to  about 1.5inm diam eter.
q — rounded opacities exceeding about 1.5mm and up to  about 3 inm  diam eter.
r — rounded opacities exceeding about 3mm and up to  about 10mm diam eter.
The  zones in  which the opacities are seen are recorded. Each lung is d iv ided  in to  th ird s — upper, 
m idd le, lower zones. Thus a m axim um  of 0 zones can be affected.
The  category of profusion is based on assessment of the concentration of opacities in  the affected 
zones. The  standnrd films define the m id categories.
Category 0— small irregular opacities absent or less profuse than  in  category 1.
Category 1—small irregular opacities defin ite ly present b u t re la tive ly  few in  num ber.
The norm al lung m arkings are usually v isib le.
C ategory 2— small irregu lar opacities numerous.
The norm al lung m arkings are usually p a rt ly  obscured.
C ategory 3— small irregu lar opacities very numerous. •
. The norm al lung m arkings are usually to ta lly  obscured.
As the opacities are irregular, the dimensions used fo r rounded opacities cannot be used, but 
they can be rough ly d ivided in to  three types.
B—fine irregu lar o r linea r opacities.
t — medium irregu la r opacities.
U— coarse (b lo tchy) irregu la r opacities.
The zones in  which the opacities are seen are recorded. Each lung is d iv ided  in to  th ird s — upper, 
m iddle, lower zones— as fo r rounded opacities.
arge _ Size A B C  Category A — an opacity w ith  greatest d iam eter between lem  and 5cm, or several such opacities
pacities the sum of whose greatest diameters does no t exceed 5cm.
. C ategory B — one or more opacities larger or more numerous than those in  category A , whose
■ '  combined area does n o t exceed one th ird  of the area of the r ig h t lung.
C ategory C — one or more large opacities whose combined area exceeds one th ird  of the area
• ‘ of the  r ig h t lung.
Type wd id As w e ll as the le tte r ‘A ’ , ‘B ’ or ‘C \  the abbrevia tion  ‘w d ’ or ‘ id ’ should be used to  indicate
w hether the opacities are well defined or i l l  defined.
1’lcura l th ickening 
Costophrenic angle
O ther sites
D iaphragm  
111 defined
C ardiac outline  
111 defined 
(shaggincss)
Pleural calcification 
D iaphragm  
W alls 
O ther sites
R ig h t L e ft O b lite ra tion  o f the costophrenic angle is recorded separately from  th icken ing  over o ther sites.
A low er l im i t  standard film  is provided.
1 2 3 Grade 0— not present or less than grade 1.
Grade 1— up to  5mm th ick  and not exceeding one half o f the  pro jection  o f one la te ra l chest 
w all. A  lower l im it  standard film  is provided.
Grade 2— more than 5mm th ick  and up to  one half of the pro jection  of one la te ra l chest wall 
or up to  5mm th ick  and exceeding one half of the pro jection  of one la te ra l chest wall.
Grade 3— more than 5mm th ic k  and extending more than one h a lf o f the pro jection  of one 
la te ra l chest wall.
R ig h t L e ft The low er l im it  is one th ird  o f the  affected hem idiaphragm .
A low er l im i t  standard film  is provided.
1 2  3 Grade 0 — up to  one th ird  o f the length  o f the le f t cardiac border o r equ iva len t.
Grade 1— above one th ird  and up to  tw o th irds  of the length  o f the le f t cardiac border or 
equivalent.
Grade 2— above two th irds and up to the whole length o f the le f t cardiac border o r equivalent.
Grade 3— more than the whole length o f the le f t  cardiac border o r equ iva len t.
1 2  3 Grade 0 — no pleural ca lc ifica tion  seen.
Grade 1— one or more areas of p leural ca lc ification, the sum of whose greatest diameters does 
no t exceed 2cm.
Grade 2— one or more areas o f p leural ca lc ification, the sum o f whose greatest diam eters exceed# 
2cm b u t does not exceed 10cm.
Grade 3— one or more areas of p leural ca lcification, the sum of whose greatest diam eters e x c e e d *  
10cm.
O ther Symbols 
O b liga tory 
. ca — suspect cancer of lung or pleura.
CO — slno rm a lity  of cardiac size or shape.
cp ■—suspect cor pulmonale.
cs — eggshell calcification of h ila r or mediastinal lym ph 
nodes.
tba— opacities suggestive of active c lin ica lly  s ign ificant 
tuberculosis.
od — other s ign ificant disease. Th is includes disease not 
related t«> dust exposure, e.g. surgical or traum atic  
damage to  chest walls, bronchiectasis, etc.
O ptional
ax — coalescence of small rounded pncuinoconiotic opacities, 
bu — bullae.
cn — calcification in  small parenchym al opacities, 
ey — cavity .
d i — marked d is to rtion  of the in tra -tho ra c ic  organs.
t in — marked emphysema.
h i — marked enlargement of h ila r shadows.
h o — honeycomb lung.
k — K crley  (septal) lines.
p x — pneumothorax.
r l  — pneumoconiosis modified by rheum atoid process, 
tb  — inactive  tuberculosis.
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Anthropometry
Anthropometric measurements were made by an experienced observer, 
and included height, weight and skinfold thicknesses from 
which the %fat and fat free mass (FFM) of the subjects were 
calculated (Cotes 1975).
Total lung capacity and transfer factor
The measurement of the total lung capacity and its sub-divisions
by the helium dilution method was combined with the determination
of the transfer factor for the lung (T ) by the single breathL
method using a resparameter (P.K. Morgan Ltd., MkIV) (after 
Cotes 1975). The ratio of the residual volume to the total lung 
capacity (RV/TLC x 100%) was calculated and RV, TLC and RV/TLC% 
were expressed as a percentage of the predicted value for each 
subject.
MEFV Curves
Spirometry was performed with a calibrated 9 litre McDermott 
bellows dry spirometer (Fig. 27a and b) which was also used to 
measure flow-volume curves (McDermott et al 1975) (Fig. 28) . 
Following two practice attempts, the expiratory flow-volume 
curves (Fig. 29) from three technically satisfactory maximum 
effort vital capacity manoeuvres, breathing air, were recorded on 
a stereo tape cassette. Further maximum expiratory manoeuvres 
were then performed, with the subject applying varying degrees . 
of effort in order to fill out a maximum flow volume envelope 
which was displayed to him in real time on an X-Y recorder
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Fig. 29
A maximum effort flow-volume curve obtained usinp; the 
McDermott spirometer.
LITRES
(Hewlett-Packard 7046A). The subjects were given at least 30 seconds 
rest between each forced expiratory manoeuvre, and finally performed 
several more maximum effort vital capacity expirations after 
taking three breaths (from functional residual capacity (FRC) to 
total lung capacity (TLC) of an 80% helium/20% oxygen gas mixture 
(He/02)• These three breaths served to maintain a constant
volume history and were also included as a preliminary to the 
expiratory manoeuvres on air.
The recorded signals were processed by a desk calculator (Hewlett- 
Packard 9830A) and the volumes and flows were corrected to body 
temperature, and pressure saturated with water vapour (BTPS).
The following indices were calculated:-
1) the forced expiratory volume in 1 second (FEV^) and the 
forced vital capacity (FVC) from the maximum effort vital 
capacity manoeuvres on air. These were then expressed as a 
percentage of the predicted normal values (Table 5) ,
2) the maximum expiratory flows (MEF) at 30, 40, 50, 60, 70 
and 75% FVC below TLC, from the maximum flow-volume 
envelope. This was reconstructed by superimposing all 
of the maximum effort and submaximal effort expiratory 
vital capacity manoeuvres on air by replaying the tape 
cassette (Fig. 30). The MEF's were recorded in litre sec 
and divided by the predicted TLC to correct for differences 
in lung size and age (Zapletal et al, 1969) ,
3) the volume of isoflow expressed as a percentage of the 
forced vital capacity (VISQ^/FVC%), and the maximum 
expiratory flow response to breathing the He/02 gas mixture
Fig. 30
Construction of the maximum expiratory flow-volume envelope*
Subject - No. 47.
Predicted TLC = 6.60 litre
Observed TLC = 6.90 litre
FVC = 4.88 litre
MAXIMUM
EXPIRATORY
FLOW ,
Pred TLC. sec^U-tre. sec”^
1.58
1.41
1.29
1.13
0.82
0,60
0.40
11 r
10.45 - — >
10 -
9.30 „— ■>
9 -
8 . 5 0 __---- ►
8 -
7.45 -—-*
6 -
5.45 - ---- ►
5 -
3.95 -- V
3 -
2.65 -------►
2 -
1 I*
Litre(BTPS)
% FVC
litre from TLC
fo pred TLC
30 40 50 60 70 75
1.46 1.95 2 .44 2.93 W  3*66
82.4 75.0 67.6 60.1 52.7 49.0
VOLUME
30.6
( ♦) % predicted TLC = ?-L£  .1.ilrP...f£P.rn.,.TL.c. * 100°/
predicted TLC
at 50%FVC(MEFC H/A%) and 75%FVC(MEF__H/A%). These indices 50 75
were determined by superimposition of the largest and
most similar single air and single He/02 flow-volume curves
with the highest flows (Fig. 31). In this study the dif­
ference in FVC between the air and lie/O^  curves under
comparison never exceeded 1%. If the FVC differed, 
matching was at RV.
The Pst(l) - volume relationship
Oesophageal pressure was measured with a latex balloon (length 10cm,
circumference 3cm, thickness 0.05mm) containing 0.4ml of air,
at the end of a 100cm i length of 1mm i.d. po^ebhylene tube, the
tip of which was located just above the diaphragm, about 40cm
from the nares. Static transpulmonary pressures (or elastic recoil
pressure) (Pst(l)) were measured simultaneously with lung volume
on an X-Y recorder (Mosely) during successive interruptions to
flow during slow vital capacity expirations or inspirations,
following a standard lung volume history of three FRC to TLC
breaths, by recording mouth pressure on one side and oesophageal
pressure on the other side of a Statham PM6 differential pressure
transducer (Hart et al 1966) (Fig. 32). The electrical output
of the transducer was regularly calibrated against a water
manometer. The mean of three technically satisfactory expiratory
Pst(l) - volume curves was determined, with the volume expressed
as a percentage of the predicted normal TLC(Fig. 33). The mean
static expiratory compliance (Cstat(exp)) over the range 20 -
80% (Bolton 1970) and the recoil pressure at 20%VC below
TLC(HP „ ,V/as measured from the three expiratory Pst(l) -
TLC -20%VC(esp)
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Comparison of maximum effort flow ~ volume curves on air and helium.
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Volume curves, and the maximum recoil pressure (RP ) was 
f max
measured from the inspiratory curves.
• The Gaw - volume relationship ' ' .
Airways conductance (Gaw) at lung volumes between TLC and RV 
was measured by the techniques of DuBois and colleagues (1956) 
using a constant volume whole body plethysmograph described by 
Reynolds and Mckerrow (1973) (Fig. 34). The measurements were 
made over 0 - 0.5 -l.sec  ^flow on inspiration whilst the subjects 
panted at a frequency of about 2 Hz with a tidal volume of about 
200 ml in order to minimize the effect of the glottis on the 
Gaw (Stanescu et al 1972).
With the aid of a computer (Hewlett Packard 2114A), the specific
conductance (SGaw) was calculated and a Gaw - volume relationship
was plotted for each subject (Fig. 35), with Gaw expressed in 
- 1 - 2predTLC. sec cm^O and lung volume as a percentage of the normal 
predicted TLC.
The general trend of the relationship was clear, but scatter
could be wide (Briscoe and DuBois 1958, Guyatt et al 1967, Pelzer
and Thompson 1969, Lord et al 1977). A conventional regression
line relating Gaw and lung volume is only valid if one of the
variables is accurately measured so that the other may be related
to it. As neither Gaw nor volume are measured exactly, the slope
of one on the other will not only depend on the general trend 
of the data but also on the magnitude of the variation about the
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Total airways conductang* «- lung volume relationship.
0.28
0.20 :
0.16
0.16
Gaw/Vol Slope = x 10~5
0.08
!-\0 806020 100
Lung Volume (% predicted TLC)
regression lines since these will diverge from each other on 
either side of the mean at an angle which increases with the 
degree of scatter (Guyatt et al 1967, Pelzer and Thompson 1969) .
At very high lung volumes there is also a tendency for Gaw to 
increase relatively faster than volume (Butler et al 1960), 
and the relationship may become curvilinear. For these reasons 
a' line was drawn through the Gaw-volume points by eye. The 
mean slope over the range 30 - 75% FVC expired was determined 
(Gaw-volume slope(sec.cmH^O ^)).
Construction of the secondary relationships 
(MFSR, CSR, MEF/Gaw, Gus-volume, Gus-Gaw)
For every subject the maximum expiratory flow, the static elastic 
recoil pressure, and total airways conductance (Fig.36) were , 
plotted against each other at volumes - corresponding to 30, 40,
50, 60, 70 and 75% of the forced vital capacity to give maximum 
expiratory flow-static recoil (MFSR) (Fig. 37), total airways 
conductance-static recoil (CSR) (Fig.38) and maximum expiratory 
flow-total airways conductance (MEF/Gaw) (Fig. 39) relationships. 
The maximum expiratory flows were taken from the maximum flow 
volume envelope in order to overcome the effects of thoracic 
gas compression. The validity of this procedure is discussed 
in appendix IV. The slope of the MFSR- relationship between 
30 and 70%VC (i.e. Gs) was determined by eye, and linearly 
extrapolated onto the pressure axis. The horizontal distance 
from the origin to the intercept gave an estimate of the magnitude 
of the critical transmural pressure (Ptrn’) (Fig. 37). The 
upstream conductance (Gus) was calculated for each lung volume
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as the MEF divided by the corresponding Pst(l) and plotted against 
% predicted TLC (Fig, 40). The Gus was also plotted against 
Gaw (Fig, 41). The slopes of the CSR and MEF/Gaw relationships 
between 30 and 70% VC were also determined by eye.
The modified single-breath oxygen test .for CV/VC%, CC/TLC% and Index
Closing volume was measured using Authonisen's modification of. 
Fowlers single breath oxygen test except that no breath holding 
was permitted between inspiration and expiration. The subject • 
expired completely to residual volume, then inhaled 100% 
oxygen to total lung capacity and then expired to residual 
volume.
Inspiratory and expiratory flows were monitored by the subject 
using a visual display, and the expired flow was maintained 
between 0.4 and 0.5 l.sec \  Expired nitrogen was sampled just 
beyond the lips by a fast-response nitrogen analyser (Hewlett- 
Packard 74302a , Vertex Series) and recorded on the ordinate of 
an X - Y recorder. Expired volume was recorded with a McDermott 
dry spirometer and displayed on-the abscissa of the recorder 
(Fig. 42). Each subject generated at least three technically 
satisfactory and reproducible curves in which the difference in 
vital capacity was no more than 5% (Fig. 43). Measurements were 
made by an experienced technician without knowledge of the 
subject's occupational history and were checked by the author.
In the event of disagreement, the opinion of another respiratory 
physiologist was sought. Closing volume was measured as the 
volume from the onset of the abrupt change in the slope of the
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Fig. 43
Typical trace obtained by the single breath Nitrogen method.
Subject No. 19
VC =" 3.60 litre 
CV = 1.03 litre
RV = 2.19 litre
cvAc
CC/TLC
N2index
28.6^
50.8$
0.79 N?$
2(750 - 1250)
i.58 % N2. I-1
CV
IV
N^Index
20 •• III
0.75
Volume (litre)
Phase I - dead space gas
Phase II - mixed dead space and alveolar gas
Phase III - alveolar gas
Phase TIV - gas predominantly comes from the upper zones^
as' lower zone airways contribute less to the 
expirate due to airway closure
nitrogen concentration (the beginning of phase IV) to residual 
volume, and expressed as a percentage of the measured vital 
capacity (CV/VC%). The gradient of the alveolar plateau 
was measured as the increase in N2 concentration between expired
volumes of 750ml and 1250ml (this value was multiplied by a factor 
of two in order to convert the units to N% per litre so that 
the N2 index could be compared directly with values in the
literature (appendix V) . The mean closing volume and N2 Index
from the two most satisfactory curves were determined and the 
closing capacity (CC/TLC%) calculated.
CHAPTER 5
RESULTS
and
INTERPRETATION
The raw data for the 36 coalminers and 10 controls is given 
in appendix VIII, The analysis was as follows:-
Pulmonary mechanics of the coalminers compared with 
the controls.
Pulmonary mechanics of the coalminers compared with, 
predicted values.
Pulmonary mechanics in relation to coal mine dust 
exposure.
Pulmonary mechanics in relation to radiographic category 
of pneumoconiosis.
Pulmonary mechanics in relation to radiographic type 
(p or q) of pneumoconiosis, _ • '
Pulmonary mechanics in relation to severity of dyspnea.
Pulmonary mechanics of working coalminers compared with 
non-working coalminers.
THE COALMINERS COMPARED WITH THE CONTROLS
The mean results obtained for the coalminers and controls are 
compared in Tables 7 and 8, and Figs. 44 to 57. All the men 
studied were lifelong non-smokers, and all (except one coal­
miner) were free from chronic bronchitis.
On average the 36 coalminers (mean age 55.9 (SD 6.9) yr. mean 
height 1.68 (SD 0.05m)) were 3.8 years older and 5cm- shbrter 
than the 10 controls, and had worked at the coalface for
18.2 (SD 12.5) years and underground for 24.8 (SD 13.9) years.
The difference in height was statistically significant (p 0.02). 
The profusion of radiographic opacities in the coalminers ranged 
from 0/0 to 3/3, the mean falling between 1/1 and 1/2. (A few 
of the coalminers had small irregular opacities and/or suspect/ 
ill defined A or B shadows in addition to the small rounded 
opacities). Ten miners had p-type and 18 had q-type of radiographic 
opacities.
Fourteen miners were not* breathless (dyspnea grade 1), 12 reported 
grade 2 dyspnea and 10 grade 3. Seventeen coalminers were still 
working and 19 no longer worked with coal.
Results
V7hen expressed as a percentage of the predicted value, the mean 
FVC and FEV^ , of the coalminers were significantly (p 0.001)
lower than those of the controls, but the mean TLC, FRC and RV were 
not significantly different. The failure of the difference in %
predicted RV to attain statistical significance was attributable 
to an extreme value of 123.5% for one of the controls.
f
The mean % predicted FEV/FVC% and the SGaw were significantly 
(p <  0.001) lower, and the mean % predicted RV/TLC% significantly 
(p <0.02) higher in the coalminers; the mean slope of the total 
airways conductance-volume relationship tended to be lower for the 
coalminers than for the controls (Fig. 44).
The static elastic recoil pressure - lung volume relationship for
the coalminers was on average shifted to relatively lower values
of elastic recoil (Fig. 45). The mean maximum recoil pressure
(RPmax) and RPmT^ * were significantly reduced (p < 0.001TLC-20%VC(exp) 3
and p <  0.02 respectively) in the coalminers, and the mean 
expiratory compliance tended to be higher.
At all lung volumes the mean maximum expiratory flows (MEF) of 
the coalminers were significantly (p <C 0.001) lower than those 
of the controls (Fig. 46). -
The mean slopes of the total airways conductance - static 
recoil relationship (CSR slope) (Fig. 47) , maximum expiratory 
flow - static recoil (MFSR) relationship (Gs) (Fig. 48) and 
the maximum expiratory flow - total airways conductance 
relationship (MEF/Gaw slope) (Fig. 49) were not significantly 
different^. However the mean upstream conductance (Gus) of 
the coalminers tended to be lower (Fig. 50), (with 16 of the
(1) A significant inverse correlation (r = -0.632, p 001) 
existed between the MEF/Gaw and the CSR slopes but the 
former did not separate the coalminers from the controls 
any better than the latter.
coalminers haying values falling below the control range.
(Figt 51)) and the mean intercepts on the Pst(l) axes of the 
CSR and MFSR relationships tended to be higher in the coalminers.
The mean Gus-Gaw slope of the coalminers tended to be higher than 
that of the controls (Fig. 52). Twenty coalminers had materially 
higher slopes than the controls (all but one of which were parallel 
with the abscissa (Fig. 53).
The mean VjSov^FVC% the coa m^ -^ners was higher than that
of the controls (Fig. 54), but the difference was not significant
at the 5% level.. The mean values for the MEF_r.H/A% and MEF_CH/A%
dU /d
for the two groups were similar (Fig. 55), although 12 of the
coalminers had values of MEF__H/A% lower than 120%.->u
The mean closing volume and closing capacity of the coalminers 
were significantly higher (p <0.02 and p < 0.001 respectively) 
than the mean values for the controls (Fig. 56) . On average 
the nitrogen index for the coalminers did not differ significantly 
from that of the controls, but it tended to be higher, mainly 
due to six of the coalminers who had values much higher than 
the rest (Fig. 57) .
Comment
Since the criteria used to select the miners and controls for 
this study were the same (except for the miners having been 
exposed to coal mine dust), any differences in pulmonary
mechanics, having taken age. and height differences into account, 
should reflect the effects of coalmine dust exposure.
At a given lung volume, the mean MEF of the coalminers is lower 
than that of the controls. Since at the same lung volumes 
the Pst(l) tends to be lower (and the compliance of the lungs 
of the coalminers tends to be higher), extrinsic airway disease 
(i.e. loss of elastic recoil), can wholely account for this 
difference. There is no evidence of intrinsic airway disease. 
When the miners and controls are compared, the mean slopes of 
the CSR and of the MFSR relationship are essentially identical.
The similarity of the CSR slopes indicates that the radial 
distensibility of the larger airways is, bn average, the same, 
but the tendency for the intercept in the coalmining group to 
be higher suggests that their large airways may be narrower.
i
Since there is no evidence of intrinsic airway disease (vide 
supra), this observation is consistent with a lower distending 
force (i.e. loss of recoil) in the static condition.
Under dynamic conditions the small airways of the coalminers 
do not, however, appear to be any narrower since Gs and the 
MEF^qH/A% are similar in both groups. The flow limiting airways
of the coalminers are probably, on average, more collapsible 
since their Ptm’ tends to be higher. (Consequently Gus is 
lower and tends to contribute more to Gaw than is the case 
for the controls). The vISOy/FVC%' CV/VC%, CC/TLC% and RV/TLC%
tend to be higher in the coalminers. This is compatible with
extrinsic loss of recoil (together with the possibility of 
increased collapsibility of flow limiting airways). A raised
index in 6 of the miners suggests that their alveolar ventilation
was, on average, not as uniform as in the controls.
In conclusion, the results suggest that extrinsic loss of 
recoil is the major factor determining the lower maximum 
expiratory flows of the coalminers.
Table 7
Coalminers compared with Controls
Units
Coalminers 
Mean (SD)
Controls 
Mean (SD)
Significance 
of difference*
Number 36 10 .
Age Years 55.89 ( 6.93 ) 52.10 ( 6.38 ) ns
Height metre 1.68 ( 0.05 ) 1.73 ( 0.05 ) 0.02
Weight kg. 74.01 (10.10 ) 78.12 (8.30 ) ns
Years at
Coalface Year 18.22 (12.53 ) 0
Years under­
ground Year 24.78 (13.88 ) 0
Radiographic
category 0/0 to 3/3 0/0 to 0/1
Dyspnea grade 1.98 ( 0.82 ) 1.00 (0.00 )
Lung Volumes
FVC ZBTPS 4.17 (0.63 ) 4.97 ( 0.57 ) 0.001
% Predicted FVC o_'o 106.2 (12.3 ) 117.4 (10.2 ) 0.02
TLC (Helium
CEdlution) ZBTPS 6.44 ( 0.74 ) 7.13 ( 0.81 ) 0.02
% Predicted TLC O.'O 105.8 (11.0 ) 109.9 (9.1 ) ns
RV ZBTPS 2.21 ( 0.42 ) 2.04 ( 0.24 ) ns
% Predicted RV % 108.6 (20.9 ) 97.2 (11.5 ) ns
FRC ZBTPS 3.58 ( 0.66 ) 3.53 ( 0.73 ) ns
% Predicted FRC Q.*o 105.3 (17.9 ) 102.1 (18.9 ) ns
Ventilatory
Capacity
FEV]_ ZBTPS 2.87 ( 0.54 ) 3.93 ( 0.40 ) 0.001
% Predicted FEV^ % 97.6 (15.1 ) 122.4 (12.7 ) 0.001
Total Airflow
Obstruction
FEV/FVC % Q.*D 68.9 ( 6.8 ) 79.3 ( 3.5 ) 0.001
% Predicted
FEV/FVC % % 97.2 (10.1 ) 109.7 (6.5 ) 0.001
RV/TLC % % 34.4 ( 5.'6 ) 28.7 ( 2.4 ) 0.01
% Predicted RV/
TLC % % 95.9 (14.7 ) 83.1 (6.7 ) 0.02
SGaw cmH20
segj--1- 0.118( 0.043) 0.180( 0.059) 0.001
Gaw-Volume sec
slope xlO-3 cntf^ O”-*- 2.26 ( 1.14 ) 2.80 ( 0.79 ) ns
Lung Distensi-
bility (n==35)
CsTAT(exp) Z.kPa”^ 3.93 ( 1.14 ) 3.48 ( 1.03 ) ns
Pred'1LCkPa*-'1 0.641( 0.164) 0.533 ( 0.142) ns
RPmax kPa 1.61 ( 0.51 ) 2.29 ( 0.54 ) 0.001
RPTLC-20%VC(exp) kPa 0.85 ( 0.24 ) 1.08 ( 0.27 ) 0.02
Table 7 (Cont'd)
Maximum Expira­
tory Flows 
PEFR
MEF50%VC(env) 
m e f75%VC(env)
Response to 
Helium(n=31) 
MEF50 H/A % 
m e f75 H/A % 
Visov/FVC %
Closing Volume 
CV/VC %
CC/TLC %
N2 Index
Secondary
Relationships
Ptm
CSR slope 
(n = 35)
MEF/Gaw slope 
Gus-Volume 
plot (n=35)
Gus-Gaw slope 
(n=35)
Coalminers 
Units Mean (SD)
Z.sec 
Pred.TLC 
sec 
Z.sec-1 
Pred.TLC 
sec-1 
Z.sec-1 
Pred.TLC! 
sec
-1 7.04 ( 1.87 )
-1
%N2. Z-1
Pred.TLC
sec-1
cmH20-1
cm^O
Pred.TLC
sec-1
cntf^ O”^
CH1H2O
1.16 ( 0.29 ) 
3.51 ( 1.30 )
0.577( 0.205) 
1.07 ( 0.62 )
0.176( 0.099)
131.5 (26.6 )
125.2 (41.5 )
28.3 (16.8 )
22.5 ( 7.7 )
48.8 ( 6.3 )
1.35 ( 0.99 )
0.160( 0.051) 
0.93 ( 1.61 )
0.0140(0.0075) 
13.5 (7.0 )
Controls 
Mean (SD)
10.69 ( 0.92 )
1.66 ( 0.22 ) 
6.14 ( 1.06 )
0.952( 0.199) 
2.10 ( 0.48 )
0.326 ( 0.078)
138.0 (14.0 )
123.6 (28.0 )
18.5 (6.6 )
16.0 ( 3.2 )
39.6 ( 2.6 )
0.90 ( 0.40 )
0.164( 0.034) 
0.02 ( 0.89 )
0.0148(0.0054) 
12.3 ( 4.5 )
L6 miners had values falling belcb 
control range.
20 miners had m, 
than the cont
citerially lower s 
iols
Significance 
of difference*
0.001
0.001
0.001
0.001
0.001
0.001
ns
ns
ns
0.02
0.001
ns
ns
ns
ns
ns
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The Volume of Isoflow (Vj.so v/FVCfo) 
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The M a x i m u m  Expiratory Flow response to breathing helium 
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COALMINERS COMPARED WITH PREDICTED VALUES
The differences in pulmonary mechanics between the coalminers 
and controls could have been due to the airways of the controls 
being unexpectedly free of airflow obstruction despite the 
fact that the selection criteria for the miners and controls 
were identical (except for dust exposure) and both groups were 
from the same community in South Wales. The coalminers’ results 
were therefore compared with predicted or normal values for 
nonsmoking men of the same age and height and unexposed to dust 
(Table 9 and Figs. 58 to 67).
Because the data from which the prediction equations were 
derived usually included smokers, the effects of smoking on 
the predicted value for each pulmonary function index were 
taken into account in this comparison. A reasoned estimation 
of the effects of smoking on pulmonary function was based on 
a study of the literature. The details are described in 
appendix V. Appropriate normal values for the CSR, MFSR and 
MEF/Gaw relationships as well as for the response to helium and 
closing volume were difficult to find on account of the paucity 
of comparable published studies, and technical differences in 
the measurements. Nevertheless these are also discussed in 
appendix V and the normal ranges given in Table 9.
Results
The mean FVC of the coalminers did not differ significantly 
from the predicted value but the mean FEV^ was significantly
(p < 0.001) reduced and the mean TLC, RV and FRC were
significantly higher (p < 0,01 f p <0,001, and p < 0,001 
respectively).
Although the mean RV/TLC% was similar to the predicted 
value, the mean FEV/FVC% was significantly (p <  0,01) lower, 
and the SGaw fell below the limit of the normal range. The 
mean Gaw-volume slope for the coalminers was lower than the 
values for normal men of a similar age given by Briscoe and 
DuBois (1958), Butler et al (1960), Pelzer and Thompson (1969) 
and Leaver et al (1973) '(Fig. 58). This resulted in a higher 
mean MEF/Gaw slope than reported by Zapletal et al (1969),
McFadden et al (1970) and Leaver et al (1973) (Fig. 59).
The mean PEFR of the coalminers was significantly (p <0.001) 
lower than the predicted value for normal male nonsmokers, 
and the MEF's from the mean maximum flow volume envelope 
were lower than the corresponding values for six healthy 
young laboratory subjects (Fig. 60) . This could have been due 
to the greater age and shorter stature of the coalminers.
Therefore their mean maximum effort flow volume curve was 
compared with the corresponding age and height standardized 
curve for a group of 46 normal nonsmoking asymptomatic males 
(Fig. 61). The mean maximum effort flows at 50% and 75%VC 
for the coalminers were significantly (p < 0.001) lower than 
the predicted values.
The mean expiratory compliance of the coalminers was significantly 
(P < 0.001) higher, and the mean recoil pressure at 20%VC below
TLC was significantly (p <0,02} lower than the values for 
normal men of the same age and height given by the regression 
equations of Bevan and McKerrow (Table 5), the mean maximum recoil 
pressure was near the lower limit of the normal range, and the 
Pst(1)-volume relationship was on average shifted to lower values 
of Pst(l) (Fig. 62).
The predicted values of Bevan and McKerrow were used as the 
basis for comparison because the measurements were made on 
a large group of normal men by the same operator using the 
same technique and apparatus as was employed in this thesis.
The normal Pst(1)-volume curve constructed from this data was 
however, located at lower values of Pst(1) than reported by 
other workers (see Fig. 130 in appendix V), although the mean 
expiratory compliance was similar.
Consequently, the mean CSR and MFSR relationships obtained 
.in the present study tend to be shifted to the left of those 
given by other workers (Fig. 63 and Fig. 64). The mean CSR 
slope and mean Gs were, however, within the published range 
when the same methods were used (Tables 12 and 13) , but the mean 
Gus was higher than that given by Ostrow and Cherniack (1973) ,
Mead et al (1967) and McFadden et al (1970) (Fig. 65) .
A lack of methodological standardization in the assessment 
of the maximum expiratory flow response to breathing helium 
made it difficult to compare the results obtained in the present 
study with those of other workers. Table 28 of appendix V 
summarises the normal values given in the literature and includes 
values which have recently been obtained with a McDermott
spirometer for several groups of normal subjectsf using a,
method similar to that described in this thesis. Fig, 66 shows
that the mean MEFC(.H/A% and MEF„_H/A% of the coalminers tended bU /b
to be similar to the published values for men of the same
age, but the mean V SOy/FVC% was significantly higher than the
predicted value of Cotes and Legg (unpublished data) and was 
also higher than the predicted value of Dosman et al (1975),
This difference did not quite reach the 5% level of statistical 
significance.
Although closing volumes have been studied a great deal over the 
last decade, there is still a paucity of published normal values 
for large numbers of asymptomatic adult male lifelong non- 
smokers. The mean CV/VC% of the coalminers was .higher than any 
of the values predicted for men of the same age, and the mean 
CC/TLC% was near the upper end of the range of predicted values 
(Fig. 67 taken from Table 29 in appendix V); the mean index
was higher than five of the predicted values, but lower than one.
Comment
The FEV^ and maximum expiratory flows of the coalminers were 
lower than predicted for men of the same age and height. This 
was due to a lower Pst(l) rather than intrinsic narrowing of 
airways since the Gs and MEF^0H/A% tended to be similar to the
values reported by other workers. The radial distensibility of 
the tracheobronchial tree as measured by the CSR/was also 
similar to published values when the same measuring technique «- 
was used. ‘
It was not possible, however, to study the diameter of the 
large airways as assessed by the intercept on the Pst(l) axis 
of the CSR relationship, the collapsibility of flow limiting 
airways (as assessed by Ptm1) or the Gus of the coalminers in 
relation to published values. This was because the values obtained 
for Pst(l) in the present study tended to be lower than those 
reported by other workers due to technical factors (see appendix V) , 
resulting in a shift to the left of the MFSR and CSR relationships.
The V */FVC, CV/VC% and CC/TLC% of the coalminers tended to 
ifaUV
be higher than predicted values. Since there was no evidence 
of instrinsic airway disease, this is consistent with a loss 
of elastic recoil.
The tendency for the index to be raised was mainly due to the
six coalminers with much higher values than the rest and indicated 
that some miners ’with simple CWP tend to have relatively abnormal
distribution of alveolar ventilation.
In summary, this analysis tends to confirm that the results 
obtained in the previous section did in fact reflect the effects 
of coal dust exposure, and were not due to chance. It provides 
further support for the assertion that extrinsic loss of elastic 
recoil was the main cause of reduced maximum expiratory flows 
in these coalminers. .
Table 9
Coalminers compared with predicted values for 
non-smokers
Number
Age
Height
Weight
Lung Volumes 
%predicted FVC 
%predicted TLC 
%predicted RV 
%predicted FRC
Ventilatory 
Capacity 
%predicted FEV-^
Total Airflow 
Obstruction 
%predicted FEV/ 
FVC%
%predicted RV/ 
TLC%
SGaw
Gaw-Volume
■3-slope xlO
Lung Distensi- 
bility (n=35)
cSTAT(exp)
RPmax
rpTLC-20%VC(exp) 
Maximum Expira 
tory Flows 
PEFR
^^50 (env)
MEF50$naximum
effort)
me f75(env)
MEF75(maximum 
effort)
Response to 
Helium (n=31) 
mef50 H/A% 
mef75 H/A% 
Visov/FVC% .
Coalminers
Predicted 
Values for Significance
Units (+1SD) non-smokers ^ of difference
Years
Metre
kg.
36
55.89( 6.93) 
1.68( 0.05) 
74.01(10.10)
r *
Q.•o
'O
%
o.
“o
106.2 (12.3 ) 
105.8 (11.0 ) 
108.6 (20.9 )
105.3 (17.9 )
103
100
96
100
115
0.01
0.001
ns
% 97.6 (15.1 ) 110 0.001
Or 97.2 (10.1 ) 102 0.01
Q."O 95.9 (14.7 ) 98 ns
cmH20
sec”l 0.118(0.043) 0.13-0.35 Abnormal*^
sec.
cmH2(T^ 2.26( 1.14) 3.0 -7.4 Abnormal"^
ZkPa- -^
kPa
kPa
3.93( 1.14) 
1.61( 0.51) 
0.85( 0.24)
2.48 
1.2 -3.7 
0.95
0.001 
Low (3) 
0.02
Zsec"1
Zsec”1
lsec~
7.04( 1.87) 
3.51( 1.30) 
2.66( 1.02)
10.26(1.82)(5)
(4)
4.57(1.51)
0.001 * 
0.001
Zsec-^
Zsec"1
1.07 ( 0.62) 
0.69 ( 0.32) (4)1.24(0.65) K J 0.001
'o
o.
'o
Q,
*o
131.5 (26.6 ) 
125.2 (41.5 ) 
28.3 (16.8 )
119-146.8
117.2-136.8
19.2(5.4)
Normal
Normal
0.05
/to be cont'd
Table 9 (cont'd)
Units Coalminers
Predicted 
Values for 
non-smokers
Closing Volume
CV/VC% % 22.5 ( 7.7 ) 14.1 -22.0
CC/TLC% % 48.8 ( 6.3 ) 38.3 -51.7
N2 Index %n2 £“1 1.35 ( 0.99) 0.92 - 1.67
Secondary
Relationships
c-s Pred.TL
sec”l
cmF^O--*- 0.160(0.051) 0.067-0.20
Ptm/ cntf^ O 0.93 ( 1.61)
CSR slope Pred.TL -1
(n=35) sec-^ 0.0140(0.0075 )
MEF/Gaw slope cm^O 13.5 ( 7.0 )
Significance 
of difference
High 
High ^
(3)
Normal (3)
Normal
Normal
t =
(1) Source is given in table 5 and in the text. When a reference 
group included smokers, an estimate of the effect of smoking was 
made, based upon a review of the literature (see Appendix V ).
(2) When the standard deviation (SD ref) and number of subjects (n ref) 
were available for the reference group, the t value was calculated 
as follows:- -
(coalminers mean - reference valuej^/(SD2c/nc + SDref^/n ref)
where subscipt c denotes the coalminers. When the SDref and/or 
n ref were not available, the t statistic was calculated as 
follows:-
t = (coalminers mean - reference value) / (SDc/yn^ .) . *
(3) When a predicted range is given, "abnormal" indicates that the 
mean value for the coalminers fell below or above the predicted 
range; "Low" and "high" indicates that the coalminers mean value 
is at the lower or upper end of the predicted range; "Normal" 
indicates that the coalminers mean value is close to the predicted 
values, or values given by other workers.
(4) Regression equations for maximum effort flows given in T-able 27
Appendix V (unpublished data of Legg and McDermott on 46 non­
smoking asymptomatic males).
(5) Regression equation for PEFR for 18 non-smoking asymptomatic males
was PEFR = 0.0171 (age, years) + 3.448 (Height, metre) + 3.515
(personal observation).
* This was equivalent to assuming that the reference values were 
calculated on a large group.
Fig. 58
Total airv/ays conductance - volume relationship. 
Coalminers compared with normal values given in 
the literature. (Table 10)
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TABLE .10
Normal values for the total Airways Conductance 
- volume relationship, given by various authors, 
compared with the present study_________________.
Gaw-volume.
Source Symbol in 
Fig. 58
Subjects Slope 
(sec.cmH^O )
Present study
36 Coalminers. Mean 
age 55.9 yr. 2.3
Present study 10 Controls. Mean 
age 52.1 yr.
2.8
Briscoe and 11 normal males 7.4
DuBois (1960)
Butler et al 10 normal males 3.0
(1960)
Pelzer and ~x—x—x—x—X 18 normal males, mean
7.3
Thompson (1969) age 40 yr.
Leave: et al 
(1973)
—©—©—o—©—© 10 normal males. Mean 
age 34.5 yr.
7.4
(P
re
d.
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Fig. 59
Mean Maximum Expiratory Flow (MEF) - Total Airways
Conductance (Gaw) relationship for the coalminers 
and controls compared with data from the literature
(The symbols are identified in Table 11
1.4
1.2
Controls
Coalminers
0.8
0.4
0.2
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
n
Gaw (Pred.TLC.sec-^cml^O” )
Table 11
Normal values for the MEF - Gaw relationship, 
given by various authors, compared with the 
present study___________________________ ____ _
Source
Present study 
Present study
Zapletal et al
(1969)
McFadden et al
(1970)
Leaver et al 
(1973)
Symbol in 
Fig. 59
Subject
36 Coalminers. Mean age 55.9 yr. 
10 Controls. Mean age 52.1 yr.
9 healthiy children
8 Males. Mean age 31.6 yr.
10 subjects (1 female). Mean 
age 34.5 yr.
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Fig. 60
Mean maximum flow-volume envelope the coalminers
compared with 6 laboratory subjects
1.6
Controls
1.4
6 laboratory 
subjects*1.2
1.0
0.6
Coalminers
0.4
0.2
1006020 40 80
%Pred TLC
* 6 laboratory subjects (4 male, 2 female including 2 smokers and
1 ex-smoker). Mean age 33.2 yr., mean height 1.75 m. It was 
assumed that the TLC was equal to the predicted TLC (see Table
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Mean maximum effort flow-volume curve of the 
coalminers compared with the mean curve for men 
of the same age and height constructed from regression
equations for MEF^q and MEF75%VC derived from data on 
46 non-smoking asymptomatic males (Appendix V ).
It was assumed that the TLC of the latter was 110% of 
the value predicted by Cotes 1975 (Table 5 )
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Mean static elastic recoil pressure (Pst(l))- 
volume relationship for the coalminers compared 
with the normal curve constructed for men of same 
age and height from the data of Bevan and McKerrow 
(unpublished) given by Cotes (1975) .______
ControlsCoalminers100
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. Fig. 63        '
Mean total airways conductance - lung elastic 
recoil (CSR) relationship for the coalminers 
and controls compared with data from the 
literature (symbols identified in table )
I • :
i- i ;
....: ....; 0.20
, 0.18
0.16
rT 0.14I0CS
1 0.12 H
I
0.10
0.08
0*06
0.04
0.02
Controls /
Coalminers ^ /
Pst(1)(cmH20)
Table 12
Normal values for the slope of the Total Airways 
Conductance - Lung elastic recoil pressure relationship 
(CSR slope) given by various authors, compared with the
Source
Symbol in 
Fig. 63
CSR Slope 
Pred_JLC. 
Subjects £ec Remarks
Present study 36 coalminers. Mean 
age 55.9 yr.
0.0140 Gaw from Gaw- 
Volume plot, 
against Pst(l) 
from Pst(l)- 
Volume plot at 
same lung volume
Present study 10 Controls; Mean 
age 52.1 yr.
0.0148 Gaw from Gaw- 
Volume plot, 
against Pst(l) 
from Pst(l)- 
Volume plot at 
same lung volume
Butler et al 
(1960)
X 10 subjects, aged 
75-90 yr.
0.0130 Pst(l) measure^ 
concurrently in 
Gaw-volume 
determination
Bouhuys and 
Jonson 
(1967)
0 5 subjects (4 male,
1 female, 2 smokers) 
Mean age 29.2 yr.
0.0073 Conductance 
measured at flow 
rate of 2.57.sec 
from IVPF curves
Zapletal et al 
(1969)
# 9 children less 
than 18 yrs. old
0.0073 Same as present 
study
Stubbs and 
Hyatt (1972)
D 1 subject aged 41 ; 
yr,
,0.0064 Conductance 
measured from 
IVPF curve
Leaver et al 
(1973)
X 10 subjects (9 male, 
•1 female, 2 smokers) 
Mean age 34.5 yr.
0.0163 Same as present 
study
Colebatch et 
al (1973)
ET 10 subjects (7 male, 
3 female) Mean age 
39 yr.
0.0097 Pulmonary
Conductance (Gj.)
measured
concurrently
with Pst(l)-
volume
measurement
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Fig. 64
Mean maximum expiratory flow-static elastic recoil 
pressure (MFSR) relationships for the coalminers and 
controls compared with data in the literature (symbols 
are identified in table 13 )
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Table 13
Normal values for the conductance of the S segment (Gs) 
and the critical transmural pressure (Ptm') given by
Source Symbol in Subjects 
Fig. 64
Gs(+SD) 
(Pred TLC.s ec 
cmH^O"2 )
Ptir/(+SD) 
(cmH^O)
Present 36 coalminers. 0.160 (0.051) +0.93 (1.61)
Study mean age 55.9 yr.
Present
Study
---------------
10 Controls, mean 
age 52.1 yr.
0.164 (0.034) +0.02 (0.89)
Mead et al 
(1967)
15 men 0
McFadden et 
al (1970)
5 subjects +0.9
Vincent et 
al (1970) 10 subjects - 0
Permutt and 
Hyatt (1971)
10 subjects -1.3
Lapp and 
Seaton (1972)
X 6 nonsmoking 
normal men.
Mean age 54 yr.
0.20
Ostrow and 
Cherniack 
(1972)
0 12 males over 30 
yrs. of age, 
including some 
smokers
0.12
Ostrow and 
Cherniack 
(1973)
a 9 nonsmokers (5 
female, 4 male) 
including 4 ex­
smokers. Mean 
age 55 yr.
0.17
Leaver et 
al (1973)
e> 10 subjects (1 
female, 2 
smokers) Mean 
age 34.5 yr.
0.093 -0.8 (1.7)
Gelb andzamel 
(1975)
15 male and 7 
female non- 
smokers . Age 
range
29-38 (n = 7) 
43-50 (n = 4) 
55-60 (n = 4) 
43-60 (n = 8) 
61-74 (n = 7)
0.12
0.13
0.13
0.13
0.18
-1.21
+1.65
+0.88
+1.26
+1.73
Zamel et al 
(1976)
6 subjects. 45- 
57 yrs.
+0.8
i •
Gibson et al 
(1976)
6 nonsmoking
males. Mean age 
27 yr.
0.067 -4.0
Fig. 65 ...................
Mean upstream conductance (Gus) - total airways 
conductance (Gaw) relationship of the coalminers 
and controls compared with data in the literature 
(the symbols are identified in table 14 )
0.30
0.25
0.20
Controls
0.15
Coalminers
0.10
0.05
10 4020 30 50 60 70 80 90 100
% Pred TLC
Table 14
Normal values for the upstream conductance (Gus)
- total airways conductance (Gaw) relationship 
given by various authors, compared with the present 
study_____________ ________________________________
Source
Mead et al 
(1967)
McFadden et al 
(1970)
Ostrow and 
Cherniack (1973)
Symbol in 
Fig. 65
Subjects
5 healthy males. Age range 
48-61 yr.
8 healthy males. Mean age 31.6 y
Range for 9 non-smoking subjects 
(5 male, 4 female, including 4 
ex-smokers). Mean age 55 yr.
Fig. 66
Maximum expiratory flow response to Helium: Coalminers 
cbmpared with Controls and normal values
Coalminers (55.9) 
Controls (52.1) 
Cotes & Legg(55.9) 
Dosman et al(55.9)
Source (age) Viso^/FVC %
0 10 20 30 40 50
 1------  r -------------1--------------r— --------- 1-------------- -1
:........     _ ' ' I MEF50 H/A % ; __ _ : .
100 120 140 160 180 200  — ----- ,---------,---------r---------«--------- 1-----:— »
Coalminers (55.9)--|----------- H --------- 1
Controls (52.1) - |----- & ----- 1---------- r --- -
Cotes. & Legg (55.9) v-• - • f H  1
••Ashton et al (23.7)   H  — ------ - ...
Dosman et al (55.9)-------------- |--------—  ( - - - -.-....
MaloyteBlanc (42 )  -   || -----  -.....  •
Bentar et al (28.9) El
Despas et al (29.7)  H
McDermott (55.9) - 0    -
m e f75 H/A %
100 120 140 160 180 200! , 1 1 1 ^
Coalminers (55.9)--- 1 1-1-............... |
Controls------(52.1)— *— -----SI  .-|
Cotes & Legg (55.9)--|---- M ---- \
Dosman et al (55.9)------ |------  £1------ ;--- 1
Hutcheon et al(25.9) |------E3 "|
Horizontal bars denote -fISD.
(1) Details of methods, subjects, source and regression equations 
are given in table 28 of appendix V .
Fig.67
Single Breath Nitrogen Test: Coalminers 
compared with controls and normal values (1)
Source
0
Coalminers
Controls
Buist & Ross(1973) 
.Begin et al (1975) 
Knudson etal(1977)
Oxhoj et al (1977)12)
Coalminers 
Controls 
Buist & Ross 
Hoeppneret al 
Toc'kman et al 
Bode et al 
Knudson et al 
Oxhoj et al
(1973)
(1974)
(1975)
(1976)
(1977)
(1977p)
Coalminers
Controls
Buist & Ross(1973) 
Begin et al (1975) 
Tochman et al(1975) 
Knudson et al(1977) 
Oxhoj et al (1977)
10
CV/VC
20 30 40 50
n
-SI-
io
CC/TLC %
20 30 40 50
T
-11-
Nitrogen Index (%N2l )^
0,5  1.0 1.5 2.0
■a-
-0-
-n-
-m-
-m-
Horizontal bars denote +ISD.
(1) For men of the same age as the controls, 
equations are given in table 29
The regression
(2) Linearity has been assumed between the ages of 50 and 60 yr.
PULMONARY MECHANICS IN RELATION TO COAL .MINE DUST EXPOSURE
The regression of the pulmonary mechanics indices on the dust
exposure index for the 36 coalminers did not provide any more
information than the regressions on years worked at the coalface
(YRCF) and years worked underground (YRUG) (see appendix VI) .
The correlation between YRCF and YRUG was highly statistically
significant (r = +0.84f p <.0.001). Therefore, in order to
assess the relationship between pulmonary mechanics and exposure
to coal mine dust, multiple regression equations were calculated
for each lung mechanics index on YRUG, age, and where appropriate,
height. The equations are given in Table 15. Some of the lung
mechanics indices e.g. MEFcr.H/A%, MEF_CH/A%, V__ %/FVC%, CV/CV%,
D U  /D lbUv
CC/TLC%, CSR slope and MEF/Gaw slope, were more strongly correlated 
with YRCF, in which case the relevant multiple regression equation 
is also included.
The correlations between YRUG and age (r = +0.28) and between 
YRCF and age (r = +0.19) were not statistically significant.
The multiple regression equations were used to construct MEFV 
envelopes, Pst(1)-volume, MFSR and CSR relationships, representing 
zero and 50 years of underground work, standardised to the mean 
age (55.9 years) and height (1.68cm) of the coalminers (Fig. 69 
to 73).
•
Results
Although the TLC and FVC both declined significantly (p < 0.01), 
with a consequent significant (p<0.02) fall in FEV^ and reduction
in PEFR (not statistically significant at p <0.05)f the maximum 
expiratory flows at low lung volumes were not significantly 
altered and the RV remained unchanged (Fig. 69), No statistically 
significant change in total airflow obstruction (FEV/FVC%, RV/TLC% 
and Gaw-volume slope) was observed.
The RPmax and RPmT^ \ both tended to become greater andTLC-20%VC(exp) 3
the compliance tended to fall with increasing number of years 
worked underground (Fig. 70).
The Gs declined significantly (p <  0.05), but Ptm* did not 
change (Fig. 71).' The V_ */FVC%, CV/VC% and CC/TLC% tendedXovJV
to rise, and the MEF^qH/A% and MEF^j-H/A% tended to fall with
YRUG. These changes were not statistically significant at the 
5% level, but CC/TLC% increased significantly (p *<.0.01) with 
YRCF. The N^ index increased significantly (p < 0.05) with YRUG.
The CSR relationship (Fig. 72) and the MEF/Gaw slope remained 
unaffected by YRUG. The latter, however, declined significantly 
with YRCF, but was due to 3 subjects with very high values for 
MEF/Gaw slope and very low values for YRCF. When these three 
men were excluded from the regression analysis, the significance 
of the relationship disappeared.
Comment
The fall in TLC and FVC with years worked underground, together 
with the tendency for recoil pressures to rise, and compliance 
to fall, suggest that increasing'dust exposure might be associated 
with pulmonary fibrotic changes or loss of parallel lung units.
The failure to observe any changes in the indices of total airflow 
obstruction is consistent with this interpretation. The small 
airways, however, became narrower since Gs declined significantly.
The changes observed in the response to helium (i.e. a tendency 
for VjSQy/FV<^ % to rise and for MEF^qH/A% and MEF^^H/A% to fall)
and the rise in CC/TLC% with increasing.years worked at the 
coalface, are consistent with intrinsic narrowing of small 
airways.
The closing pressure can be estimated by relating the closing
capacity (in litre) to the static elastic recoil pressure
(Fig. 73) . It was found to be greater by about ScmH^O after 50 years
of underground work, indicating that small airways also tend to 
become stiffer.
The opposing effects of increasing recoil pressures and narrowing 
of small airways appear to have left the maximum expiratory . 
flows at low lung volumes unchanged by dust exposure. The 
increase in the ^  index suggests that the distribution of
alveolar ventilation became progressively more uneven.
There was , on average f no change in the mechanical properties 
of the larger intrapulmonary airways, since the CSR slope (and 
intercept), and the MEF/Gaw, slope were hot significantly related 
to years worked underground.
In summary, without taking into account the .effect of changing 
radiographic category of pneumoconiosis'(XRCAT), increasing 
exposure to coalmine dust appeared to stiffen the lung and cause 
small airways to become narrower.
Table 15
The Relationship between lung mechanics and coalmine 
dust exposure (36 Coalminers)
Units Coefficients Constant (Standard
Years
Under­ Age Height
Deviation)
Lung Volumes ground (yr) (m)
FVC
TLC(Helium 
Dilution) 
RV .
Zbtps
Zbtps
Zbtps
-0.01&*
-o.oSS*
-0.001
' -0.02&
-0.008
+0.009
** * 
+5.225
**
+5.377
+0.619
-2.754
-1.541
+0.704
(0.45)
(0.58)
(0.44)
Ventilatory
Capacity
FEVX Zbtps -0.014*1 -0.018
*
+3.380 —1.450 (0.43)
Total Airflov
Obstruction
FEV/FVC%
RV/TLC
SGaw
Gaw-Volume
slopexl0~3
J
0,"o
cmHoO
-1sec
sec.
cm^O-^
-0.063
+0.123
+0.013
-0.015
+0.165
+0.030
-11.752
-17.758
+91.068
+51.945
+0.235
(7.02)
(5.14)
(1.11)
Lung Disten-| 
sibility (n=35) ***
+11.851CSTAT(exp) 
RPmax
RPTLC-20%VC
(exp)
ZkPa--*-
kPa
kPa
-0.024
+0.012
+0.0034
+0.014
-0.025
-0.0059
-16.192
+2.727
+1.094
(0.96)
(0.48)
(0.24)
Maximum Expir 
atory Flows 
PEFR
MEF50%VC(env)
MEF75%VC(env)
£sec~^
Zsec--*-
Zsec--*-
-0.043
-0.017
-0.003'
-0.065
-0.059
-0.023
+4.394
-0.697
-0.682
+4.332
+8.423
+3.576
(1.70)
(1.24)
(0.62)
Response to 
Helium (n=31) 
MEF50 H/A%
me f75 h/a % 
Visov/FVC%
%
Q.*©
-0.505 
-0.723 0 
-0.716 
+0.189 
+0.445 0
+0.642 
RCF)+0 . 599 
+2.560* 
-0.174 
RCF)-0 .176
+108.111 
+111.180 
-1.556 
+33.36 3 
+30.143
(26.51)
(25.95)
(39.18)
(17.22)
(16.64)
CLosing Volume
CV/VC%
CC/TLC%
N2 Index 
CV
%
O,"O
%n2£“1
Zbtps
+0.048 
+0.156 {Y 
+0.141
+0.2lS*f
+0.013* 
+0.004 (Y
+0.171
RCF)+0.144 
+0.247 
fl?CP>0,252 
+0.006 
RCF)+0.005
+0.071
+11.793
+11.645
+31.532
+30.837
-0.136
+0.587
(7.75)
(7.52)
(5.79)
(5.47)
(0.47)
(0.35)
Table 15 (Cont'd)
Secondary 
Re lationships 
Gc
Ptm'
CSR Slope 
(n=35)
MEF/Gaw slope
CSR intercept 
on Pst(l) 
axis
Pred TI 
-1sec 
cmHoO
cntfRjO 
PredTLO 
sec--*-
cml^ O'
cmHoO
cmH20
,-2
-0.0014'
+0.019
0.000045 
+0.000095C 
-0.146
°*258?Ylk|F 
+0.006
- 0.0011
-0.027
+0.00017 
^)+0.0001 
-0.204
)-0.197
+0.034
+0.256
+1.973
+0.0056
+0.0064
+28.535
+24.215
-5.034
(0.047)
(1.64)
(0.0077)
(0.0076)
(6.59)
(6.06)
(3.48)
*
**
***
f <C 0.05 
p c  0.02 
f < 0.01
p 0.001
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Fig. 69
The effect of working for 50 yr. underground on 
the mean maximum flow volume envelope of the 
coalminers (standardized to age 55.9 yr. and 
height 1.68m.). Volume expressed at %TLC and 
flow as TLC.sec"1 to adjust for change in TLC 
with . years underground*
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The effect of working for 50 years underground 
on the Pst(l) - Volume relationship of the 
coalminers (standardized to age 55.9 yr., height 
1.68m.). Volume expressed-as %T'LC to adjust 
for change in TLC with years underground______
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Fig. 71
The effect of working for 50 years underground 
on the MFSR relationship of the coalminers 
(standardized to age 55.9 yr.)  ■ ■ ■
1.4
0 years underground /
1.2
1.0
0.8
50 years underground
0.6
The reduction in Gs is 
significant (/?<- 0.05). No 
significant change in Ptm'
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41 52 7 103 6 8 9
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Fig. 72
,The effect of working for 50 years underground 
on the CSR relationship of the coalminers 
(standardized to age 55.9 yr., height 1.68m.)
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The effect of working for 50 years underground 
on the Pst(l)-Volume relationship of the coalminers 
(standardized to age 55.9 yr., height 1.68m.)•_____
The reduction in RPmax and rptlc-20%VC(exp) 
were not quite statistically significant.
represents the closing pressure which 
;was increased after 50 years of underground 
work.
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PULMONARY MECHANICS IN RELATION TO PROFUSION (CATEGORY) OF
RADIOGRAPHIC OPACITY
To separate the effects on pulmonary function of radiographic 
category fXRCAT) and years worked underground (YRUG) (which were 
significantly, correlated r = 0,49, p <  0,01) Fig, 74), 
independent multiple linear regressions *were calculated for each 
pulmonary function index using YRUG, age and height as the in­
dependent variables, for three similarly sized XRCAT groups 
(group 0/0 to 1/0, n = 13; group 1/1 and 1/2, n = 11; group
2/1 to 3/3, n = 12). This removed the necessity to assume:
a) that the change in a pulmonary function index with
YRUG (and.age and height) must be the same within 
each XRCAT group,
b) that the change in a pulmonary function index due to
increasing XRCAT by one point on the scale is the 
same irrespective of the part of the XRCAT scale used,
i.e. we are assuming, for instance, that the interval 
between XRCAT 0/0 and 0/1 is the same as that between 
XRCAT 2/1 and 2/2, which is not true (Oldham 1971).
Information about the independent effects of XRCAT and YRUG 
was derived from analysing the differences between slope and 
position of the three regression equations and the average
regression line (for all the coalminers grouped together).
■ An example of the statistical method is given in appendix VII.
Results
The individual regression lines for each pulmonary function 
index on YRUG standardised to age 55.9yr. and height 1.68m.
(the average age and height of the group) by XRCAT are presented 
in Figs. 75 to 87.
The variance ratio for differences in slope was not significant 
at the 5% level for any of the pulmonary function indices (see 
footnote) (Table 16).
For the Vj5oV/,FVC% * t*ie variance ratio for differences in position
was statistically significant (p < 0.01). By ascribing the 
variance due to differences in position to a random or ordered 
effect, and assuming the latter to be unity, it was calculated 
from variance ratio tables that a variance ratio for position 
exceeding 2.6 when the positions of the lines were in a logical 
order, strongly suggested that real differences existed between 
XRCAT. This was observed for RPmax and RV/TLC%.
In addition the position of the regression lines for TLC, FVC. .
FEVn , MEFr-_ (env) and MEFrrtH/A% showed a consistent trend towards 1 50 50
decreasing, and the RV, CC/TLC%, Ptm' and CSR slope, a trend
towards increasing with increasing XRCAT.
Footnote: The differences in Cstat(exp) slopes was nearly sig­
nificant at the 5% level. Inspection of the individual 
regression equations indicated heterogeneous variation, 
making it impossible to present a simple summary of 
the relationship between Cstat(exp) and XRCAT.
Comment
The non significance of the variance ratios for slopes indicated 
that it was possible to assume a common value for change in 
pulmonary function index with change in YRUG (and age and height) 
irrespective of XRCAT group.
The significant rise in V */FVC% with XRCAT could be due to
X o U V
either loss of recoil or small airway narrowing or both. The 
strong tendency for RV/TLC% to rise could also be due to the 
same factors but the strong tendency for RPmax to fall suggested 
that loss of recoil played the more important role. If this is 
true, then the RV, CC/TLC%, Ptm1 and CSR slope would be expected 
to rise with increasing XRCAT. This is what was observed.
The tendency for MEF H/A% to fall with increasing XRCAT suggests
50
that some narrowing of peripheral airways may also be occurring.
The tendency for TLC and FVC to fall also suggest that increased 
distensibility of pulmonary tissue is not the only mechanism 
associated with increasing XRCAT.
The absence of any relationship between total airflow obstruction 
and XRCAT_suggests that the XRCAT changes are more closely 
associated with peripheral airway or pulmonary tissue changes.
On the whole, however, the results tend to suggest that increasing 
XRCAT is associated with a tendency for the lungs to be more 
distensible.
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Fig. 75
Lung Volumes standardized to age 55.9 yr.
and height 1.68 m., on years underground
by radiographic category_________________
7
TLC
!AT 0/0 - 1/0
XRCAT 1/1-1/26
XRCAT 2/1-3/3
5
FVC
£CAT 0/0-1/01 - 1/2
4 XRCAT 2/1-3/3
3
RV
SCAT 2/1-3/3
LCAT 1/1-1/2
.XRCAT 0/0-1/0
2
1
504030200 10
Years underground
Lu
ng
 
■. V
ol
um
e 
(l
it
re
 
(B
TP
S)
)
Fig. 76
Ventilatory Capacity standardised to age
55.9 yr. and height 1.68m. on years underground
by radiographic category_______________________
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Fig. 77
FEV/FVC%-RV/TLC% of the Coalminers standardised
to age 55.9 yr. and height 1.68m. on years
underground by radiographic.category___________
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Fig. 78
Expiratory Compliance of the coalminers standardized
to age 55.9 yr., height 1.68 m. on years underground
hy radiographic category
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Fig. 79
Maximum recoil pressure for the coalminers standardized 
to aae 55.9 yr., on years underground by radiographic
'category „_____________________ __
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Fig. 80
Maximum expiratory flows for the coalminers 
standardized to age 55.9 yr. and height 1.68m. 
on years underground by radiographic category
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Fig. 82
Closing volume and closing capacity of the coalminers
standardized to age 55.9 yr. and height 1.68m. on
years underground by radiographic category___________
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Nitrogen Index, standardized to age 55.9 yr.,
height 1.68 m., on years underground, by
radiographic category ______ '  '
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Gs for the coalminers standardized to age 55.9 yr.
on years underground by radiographic category_____
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CSR slope for the coalminers standardized to
age 55.9 yr. on years underground by radiographic
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Fig. 87
MEF/Gaw slope standardized to age 55.9 yr. on years
underground, by radiographic category*___________ _
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Table 16
Summary of the analysis of variance to test for 
differences in slope and position of the multiple 
regression equations for the pulmonary function 
indices on years underground, age, and height, by 
radiographic category grouping __________ _______
Variance Ratio^ lor:
Slope
Lung Volumes 
PVC 
TLC 
RV
Ventilatory Capacity 
' FEV-l
Total Airflow Obstruction 
FEV/FVC %
- RV/TLC %
Lung Distensibility 
Cs tat'(exp)
RPmax
Maximum Expiratory Flows 
PEFR
MEF... (env) i>0
Response to Helium 
mef50 H/A %
viscy>/FVC %
CLOSING VOLUME 
CV/VC %
CC/TLC %
N2 Index
SECONDARY RELATIONSHIPS 
Gs 
Ptir/
CSR Slope 
MEF/Gaw Slope
2.43
1.08
1.01
1.15
1.24
Position
1.10
1.18
2.23
1.62
+
2.72
1.47 
2.73
1.08
1.77
6.33**
1.49
1.36
1.55 
1.76
1.56
(1) The variance ratio (F) is only given when the variance 
due to differences in slope or position was greater than 
the residual variation (see Appendix V H  ). F was not 
statistically significant unless indicated 
* = P 4  0.05, ** = p$ 0.01
+ The variance ratio for position exceeded 2.6 and 
strongly suggested that there were real differences 
associated with XRCAT (since the regression lines 
changed position in a logical order (see text.)
PULMONARY MECHANICS IN RELATION TO TYPE (p or q) OF
RADIOGRAPHIC OPACITY
The pulmonary function of 18 coalminers with q-type radiographic 
opacities was compared with 10 coalminers with pTopacities and 
the controls (Table 17) . The men with q-opacities were on average 
2.6 years older and 4cm shorter. . The difference in height was 
statistically significant (p <  0.05). The regression equations 
for the pulmonary function indices of the men with q-opacities 
and of the controls were employed to standardize each index to 
the mean height (1.71m) and age (54.6yr) of the men with p-opacities 
so that the data would be directly comparable.
The mean number of years worked underground and at the coalface 
was similar, and both groups had a similar degree of breathlessness. 
The radiographic category of the q-type group (on average 1/2) was 
slightly lower than that of the p-type group (on average 2/1).
■The mean relationships between lung volume, maximum expiratory 
flow, airways conductance and static elastic recoil pressures 
between 30 and 75% of the expired vital capacity (Table 18) 
were constructed for both groups and for the control subjects 
(Fig. 88 to 100).
Results
The mean lung volumes, FEV^ and maximum expiratory flows
(Fig. 88) did not differ significantly between the p and q-type 
groups. The mean compliance of the p-group was significantly
greater than that of the g^-group^ and the compliance of the
latter did not differ significantly from that of the controls
(Pig. 89), The maximum static recoil pressure of the p-group
tended to be lower than the q^group and both were significantly
* -
lower than that of the controls.
The mean CSR slope (Pig. 90) and Gs (Fig. 91) of the miners 
with q-opacities were significantly lower, and the degree of 
total airflow obstruction (Fig. 92) tended to be greater than in 
the p-group. The CSR slope of the controls fell between the p 
and q-groups. The Gs and Ptm,' of the q-type group was closer 
to that of the controls. -
The maximum expiratory flow response to helium of the q-type 
group was similar to that of the controls, but was associated 
with a large standard deviation (Fig. 94). The V */FVC%' XuUV
(Fig. 96), CV/VC%, and CC/TLC% (Fig. 97) of both p and q groups 
tended to be higher than the control values; they also tended 
to be higher in the p-group than in the q-group.
The N2 index did not differ between the p and q-groups (Fig.98).
The gas transfer capability of the lungs of the p-type group
tended, on average, to be slightly lower than that of the q-type 
group (Figs. 99 and 100) , but the difference was not statistically
significant at the 5% level. The mean values for the T^, Kco and
Dm of both groups were significantly lower than the mean values 
for the controls, but did not differ significantly from the 
predicted values (Cotes and Hall 1970).
Comment
The results suggested that different patterns of. altered 
pulmonary mechanics were associated with p and q-type of 
radiographic opacities, even though there was no significant 
difference‘between the two groups in the transfer capability 
of the lung.
The mean compliance of the miners with p-opacities was
significantly higher than that of the men with q-opacities,
their maximum recoil pressure, tended to be lower and the Ptm’
tended to be higher, suggesting that the p-group had greater
pulmonary distensibility and more collapsible flow limiting
airways. There was evidence of more intrinsic airway disease
in both central and peripheral airways in the miners with
q-type opacities since their CSR slope was significantly lower
and the MEF__H/A% and Gs were more normal. oO
The opposing effects of a tendency towards greater pulmonary 
distensibility in the p-group and relatively more intrinsic 
airway disease in the q-group may explain the similarity in the 
FEV^ and maximum expiratory flow at low lung volumes and the 
tendency for the small airway function of the q-group to be 
more similar to that of the controls.
The failure of the VISOy/FVC%, CV/VC% and CC/TLC% to distinguish 
between the p and q-groups probably reflects the inability of 
these tests to separate extrinsic from intrinsic abnormalities 
of the airways.
In. summary, the results suggest that p-type of radiographic 
opacities were associated with extrinsic airway disease 
relatively more than q-opacities. Although there was some 
extrinsic airway disease associated with q-opacities, intrinsic 
disease affecting both peripheral and central airways, was 
present to a greater degree in this group. Consequently, the 
mechanical properties of the small airways of miners with 
q-opacities were more similar to those of the controls.
Table 17
Comparison between coalminers with p-type and q-type 
radiographic opacities and the controls (standardized 
to the same age and h e i g h t ( D _____
Unit p-type q-type Controls(*13D) •(T1SD) (T1SD)
Number 10 18 10
Age Years 54.6 (5.5) 57.2 52. i (6.38)
Height Metre 1.71 (0.06) 1.67 (0.04) 3) 1.73 (0.05)
Weight kg 71.7 (8.7) 74.7 (8.3) 78.1 (8.3)
Years at Year 19.9 (12.2) 21.5 (11.1) 0
Coalface
Years under­ Year 26.2 (12.1) 28.7 (12.4) 0
ground
Radiographic 2/1 1/2 0/0
category
Dyspnea grade 2.0 (0.9) 2.0 (0.7) 0
Lung Volumes
FVC Zbtps 4.03 (0.66) 4.37 (0.43) 4.82 (0.47)(4)
TLC (He Diln) Zbtps 6.39 (0.64) 6.58 (0.60) 6.92 (0.65)
RV 2.BTPS 2.35 (0.54) 2.22 (0.31) 2.01 (0.25)
FRC Zbtps 3.85 (0.66) 3.60 (0.51) 3-39 (0.L3)
Ventilatory
Capacity
! A\
FEV1 Zbtps 2.86 (0.63) 2.87 (0.41) 3.84 (0.36)
Total Airflow
Obstruction
FEV1/FVC% Q,*o 70.7 (8.0) 65.2 (6.2) 79.6 (3-4)m ’RV/TLC% Q.*© 36.8 (7.1) 33.8 (3.9) 29.0 (2.5)
SGaw cmHo0,
-1 sec •*-. 0.137 (0.052) 0.113 (0.041) 0.194 (0.051)(4)
Gaw-Vol slope sec.
x 103 cm^O"3 2.84 (1.30) 2.07 (1.05) 2.56 (0.72)
Lung Disten­
sibility (n=9] \
CSTAT(exp) L^kPa-1 4.69 (1.46) ; 3.99 (0.91)* 3.28 (l.O'l)
RPmax kPa 1.45 (0.40) 1.73 (0.50) 2.28 (0.5814)
rpTLC-20%VC kPa 0.80 (0.22K * 0.86 (0.26) 1.10 (0.28)
(exp)
Maximum Expir­
atory Flows
PEFR Isec~^ 7.29 (2.24) 6.48 (1.67) 10.76 (1.02)<4)
MEF50%VC(env) tsec~ 3.44 (1.14) 3.38 (1.34) 6.23 (1.17)
MEF75%VC(env) Zsec- -^ 1.01 (0.46) 1.03 (0.59) 2 .10 (0.54/4)
Response to (n = 7 ) (n = 18)
Helium
mef50h/a% o_'o 116.7 (24.2) 132.1 (24.2) 138.3 (14.8)
MEF75H/A% o. 90.8 (20.6) 119.3 (31.5) 117.5 (24.7)
Visov/FVC% o. 37.8 (17.3j2>27.8 (17.0) 19.5 (6.5)
(n=8) (n=17)
/to be cont'd.
Table 17 (Cont'd)
Closing Volum 
CV/VC%
a
% 24.4 (9.2]f2) 21.8 (7.8) 17.0 (2:0L
CC/TLC% % 52.1 (7.9) 47.8 (3.9) 40.5 (2.4>4)
N2 Index %n2 «Z"1 1.34 (0.91) 1.53 (1.20) 0.93 (0.44)
Secondary
Relationships
Gs Pred TLC.
sec--*-*
cmH20“-*-
(n = 
0.195
9)
(0.063) 0.150 (0.037) * 0.159 (0.034)
Ptm cmH20 1.54 (1.63) 0.81 (1.49) -0.09 (0.89)
CSR slope Pred TLC
sec“l.
cmH20-2 0.0199(0.0085 0.0114(0.0062 * 0.0150 (0.0057)
MEF/Gaw slope cmH20 12.4 (9.5) 14.2 (4.3) 12.1 (4.7)
Transfer
Factor
tL mmol.min 
kPa--*
(n=10)
-1
8.42 (2.64) 9.16 (1.79) 11.65
(4) (5) 
(1.19) ^
Kco(TL/VA) 1.36 (0.33) 1.48 (0.29) 1.73 (0.07)
Dm mmol.min!
kPa“^Z“l
-1
4.15 (1.47) 4.48 (1.10) 6.79
(4) (5) 
(1.30)
(15.6) 1 JVc ml(BTPS) 63.6 (18.1) 73.3 (16.4) 78.7
* Significant difference between the mean value for the p and q type 
groups at |><0.05 (** = <  0.01)
(1) The age and height regression equations for miners with q- 
opacities and for the controls were used to standardize each 
index to the mean age (54.6 yrs.) and height (1.71 m) of the 
p-type group. ,
(2) Control mean value significantly different at the 5% level, or
better, from the mean value for the p-type group.
(3) Control mean value significantly different at the 5% level, or
better, from the mean value for the q-type group.
(4) Control mean value significantly different at the 5% level, or
better, from the mean value for both the p and q-type groups.
(5) Predicted values given by Cotes and Hall for adult males of 
European descent: Tl = 9.09, Kco = 1.49, Dm = 4.18, Vc = 95.
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Mean. Maximum expiratory flow-volume envelopes for 
coalminers with p-type and q-type of radiographic 
 ... opacities____  . ■ .
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Fig. 89
Mean static elastic recoil - lung volume relationships 
for the coalminers with p-type and q-type of 
radiographic opacities_______________________________ _
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Fig. 90 .
Mean total airways conductance - static elastic recoil 
pressure relationship for coalminers with p-type and with 
q-type of radiographic opacities_______ _________________
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Fig. 91
Mean maximum expiratory flow-static elastic 
recoil pressure relationship for coalminers 
with p-type and with q-type of radiograph opacities
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Fig. 92
Mean total airways conductance - lung-volume 
relationship for coalminers with p-type and 
with q-type radiograph opacities_____  .
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Mean maximum expiratory flow - total airways conductance 
relationship for coalminers with p-type and with q-type 
of radiographic opacities._________________ ____________
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Fig. 94
The maximum expiratory flow response at 50%VC
to breathing helium for the coalminers with p-type 
and with q-type of radiographic opacities.
200
150
MEF H/A
50
°lJo
100
50
©
©
vv
V
Y
controls p- q-
opacities .opacities
The horizontal bar represents themean.
Fig. 95
♦
The maximum expiratory flow response at 75^ VO to breathing 
helium for the coalminers with p-type and with g-type of 
radiographic opacities
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Fig_.96
The volume of Isoflow (ys0y/FVC%) of coalminers 
with p and q-fype of radiographic opacifies.
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Fig. 97
Closing volume and closing capacity of coalminers 
with p-type and q-type of radiographic opacities
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Fig. 98
Nitrogen index for the coalminers withp-type 
and with q-type of radiographic-opacities.
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Transfer coefficient (Krn) for the lungs of coalminers 
with p and q-type of radiographic opacities.
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PULMONARY MECHANICS IN RELATION TO SEVERITY OF DYSPNEA
Since the severity of dyspnea may have been influenced 
by age and by years worked underground (YRUG), it was 
necessary to take these factors into account when analysing 
the relationship between grade of dyspnea and pulmonary 
mechanics. For each dyspnea grade (no dyspnea (grade 1)., 
n =14; dyspnea grade 2, n = 12; dyspnea grade 3f 
n = 10) a multiple linear regression equation was calculated 
for each pulmonary function index on YRUG, age and height.
The differences in slopes and positions of the regression 
equations for each index were then analysed as described in 
appendix VII.
Results
The individual regression lines for each pulmonary function 
index on YRUG standardized to age 55.9yrs and height 1.68m by 
dyspnea grade are presented in Figs. 101 to 113.
The variance ratio for differences in slope was not significant 
for any of the pulmonary function indices (Table 19).
For the V */FVC% the variance ratio for differences in position
x u U V
was statistically significant (p < 0.05), and those for the 
MEF^qH/A% and the CC/TLC% strongly suggested that there were 
real differences with increasing dyspnea grade (Fig.103). In 
addition the TLC (Fig. 101) and PEFR (Fig. 104) tended to fall 
and the RV/TLC% (Fig. 103) and N 2index (Fig. 109) tended to rise
with increasing dyspnea grade. The FVC (Fig. 101) and
FEV-j^  (Fig. 102) tended to be similar in the coalminers with no
dyspnea and grade 2 dyspnea, but lower in mSfin with grade 3 
dyspnea. Radiographic category (Fig. 114) and type (Table 20) 
showed no relationship with severity of dyspnea.
Comment
The non-significance of the variance ratio slopes indicated 
that it was possible to assume that the change in each 
pulmonary function index with change in YRUG (and age and 
height) was £he same in each of the dyspnea grades. The 
VIS0‘/FVC% increased significantly with increasing severity 
of dyspnea; also the CC/TLC% (and to a lesser extent the 
RV/TLC%) tended to rise, and the MEF^^H/A% tended to fall.
Since total airflow obstruction and pulmonary distensibility 
were unrelated to severity of dyspnea, it is tentatively 
suggested that dyspnea may be related to intrinsic narrowing 
or stiffening of small airways. The tendency for TLC and FVC 
to fall is consistent with this hypothesis. High values for the 
N2 index were associated with a higher grade of dyspnea (and 
a longer period underground).
Fig. 101
Lung volumes of the coalminers standardized
to age 55.9 yr., height 1.68m., on years
underground, by dyspnea grade_________ ____
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Fig. 104
piratory Flows for the Coalminers, Standardized to
ear7~lleight 1.68m., on years underground, by dyspnea grade
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to age 55.9 yr., height 1.68m., on years underground,
by dyspnea grade
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Fig. ,106
Maximum Recoil Pressure for the Coalminers, Standardized
to Age 55.9 yr., on Years Underground, by Dyspnea Grade
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Fig. 109
Nitrogen Index for the Coalminers, Standardized to Age 55.9 yr.,
Height 1.68m., on Years Underground by Dyspnea Grade
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Fig. 110
Gjgt for the Coalminers, Standardized to Age 55.9 yr.,
on Years Underground by Dyspnea Grade.
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Ptm for the coalminers standardized to age 55.9 yr.
on years underground by dypsnea grade_____ __________
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CSR slope for the coalminers standardized to age
55.9 yr. on years underground by dyspnea grade
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  MEF/Gaw slope for the coalminers standardized to
age 55.9 yr. on years underground by dyspnea grade
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Table 19
Summary of the analysis of variance to test for 
differences in slope and position of the multiple 
linear regression equations for the pulmonary function 
indices on years underground (YRUG), age and height, 
by grade of breathlessness______________________
. (1)Variance Ratio for:
Slope Position
Lung Volumes 
FVC 
TLC 
RV
Ventilatory Capacity 
FEV.,
1.95
Total Airflow Obstruction 
FEVj/FVC %
RV/TLC %
Lung Pistensibility 
Cetat (exp)
RPmax
Maximum Expiratory Flow 
PEFR
MEF5Q(env)
Response to Helium 
MEF5Q H/A %
V-IS0V/FVC %
Closing Volume 
CV/VC %
CC/TLC %
N2 Index
Secondary Relationships 
Gs .
Ptm
CSR slope 
MEF/Gaw slope
1.30
1.47
1.80
1.84
1.73
2.05
2.49
2.99
1.25
3.09+
3.52*
2.59+
1.42
1.40
2.09
1.24
(1) The variance ratio (F) is only given when the variance 
due to differences in slope or position was greater than 
the residual variation (see Appendix VII ) . F was not 
statistically significant unless indicated 
* = p c  0.05, ** = , p c  0.01
+ The variance ratio for position exceeded 2.6 and 
strongly suggested that there were real differences 
associated with Dyspnea grads(since the regression line 
changed position in a logical order) (see text)).
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Fig. 114
Severity of Dyspnea in relation to radiographic
______  category_______________ _______
No Dyspnea
Dyspnea grade 2
Dyspnea grade 3
J________ i
0/0 0/1 1/0 1/1 1/2 2/1 2/2 2/3 3/2 3/3
Radiographic category
TABLE 20
Relationship between dyspnea and radiographic type.
Type of Badio- Category Irregular 
graphic opacity 0 opacities Total
P q
No dyspnea 4 4 5 1 14
Dyspnea grade 2 2 9 0 1 12
Dyspnea grade 3 4 5 1 0 10
Total 10 18 6 2 36
PULMONARY MECHANICS IN WORKING AND NON-WORKING COALMINERS
,The 17 working miners were on average 5.3 years younger and )•
i t
2 cm. taller than the 19 non-working miners. They had worked under- r
ii• j
ground for 11.1 years longer.. The difference in YRUG was statistacally i
significant (p <  0.01). When comparing the pulmonary function I
of working miners with non-working miners, multiple linear regression J
equations were calculated separately for each group for each |
!j
pulmonary function index with YRUG, age and height as the independent j
:
variables (see appendix VII). The differences in slopes and 
positions of the two regression equations for each index were then 
analysed.
Results I
. rs
The variance ratio for slope for the N index was the only factor |
2 |
that distinguished significantly (p <  0.01) between the working and j
non-working coalminers (Table 21). The six men with the highest j
values for the N^ index were all working miners with long periods j
underground. j
f
The average radiographic category of pneumoconiosis of the working f
miners tended to be greater than that of the non-working miners j
(Fig. 115). This was expected as they had worked longer underground. j
There was no significant difference between the two groups in the j
. !
type (p or q) of radiographic opacity (Table 22) or in the j
severity of dyspnea (Table 23). I
!
1
I
Comment j
Other than for the N^ index, there were no differences in j
pulmonary function, radiographic findings or severity of j
/ ' ?|
breathlessness between the working and non-working coalminers. I
Table 21
Summary of the analysis of variance to test for 
differences in slope and position of the multiple 
linear regression equations for the pulmonary function 
indices of working and non-working coalminers on years 
underground (YRUG), age and height__________
Variance Rati^^or; 
Slope Position
Lung Volumes .
•FVC
TLC 1.56
RV 1.91
Ventilatory Capacity
FEV1 -
Total Airflow Obstruction
FEV /FVC % - -
RV/TLC % 1.22
Lung Distensibility
Cstat (exp) 1.92
RPmax - -
Maximum Expiratory Flows 
PEFR
MEF (env) 1.44
50
Response to Helium
mef50 .e/a% - -
v isov/fvc%
Closing Volume
CV/VC % -
CC/TLC % 1.05.
N2 Index 4.29** -
Secondary Relationships 
Gs
Ptm/ -
CSR slope
MEF/Gaw slope 2.74 2.38
(1) The variance ratio (F) is only given when the variance 
due to differences in slope or position was greater than 
the residual variation (see Appendix VII ). F was not 
statistically significant unless indicated.
* - p^r 0.05, ** = p ^  0.01
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Radiographic Category,
4 r
Working Miners
- Non-working miners
i i
0/0 0/1 1/0 1/1 1/2 2/1 2/2 2/3 3/2 3/3
Table 22 : Radiographic Type
P q Category 0 Opacity Total
Working Miners 7 6 2 2 17
Non working miners 3 12 4 0 19
Total 10 18 6 2 36
Table 23: Grade of Dyspnea
1 2_ 3_ Total
Working Miners 7 5 5 17
Non-working miners 8 7 A 19
15 12 9 36
CHAPTER 6
DISCUSSION
Subject selection
Most attempts to study the respiratory effects of prolonged 
exposure to coalmine dust have been complicated by the inclusion 
of smoking and/or chronic bronchitic coalminers as well as men 
who may have been actively seeking compensation for respiratory, 
disability and who may also have been under treatment for 
chest complaints. If miners of these types had been included 
in this investigation, the number of subjects studied could 
have been increased and random sampling could have made the 
results more representative of the coalmining community.
However since the pulmonary consequences of smoking and chronic 
bronchitis would have masked the pathophysiological effects 
of coalmine dust exposure and/or simple pneumoconiosis per 
se, it would have been difficult to reach any meaningful 
conclusions about the mechanism of the effects of coalmine 
dust exposure on the lung. Since this was the primary aim 
of the thesis, it was essential to select only non-smoking 
coalminers free from chronic bronchitis, and to reject any 
miners under treatment for chest complaints or actively seeking 
compensation. For these reasons the effects of coalmine dust 
exposure and/or simple pneumoconiosis per se will be more 
clearly reflected in this investigation than in any other 
study to date. (If anything, the strict selection criteria 
adhered to, will have tended to result in an underestimation 
of the pulmonary consequences, since some of the most severely 
affected non-smoking nonbronchitic cases may have been 
rejected).
Morgan and Lapp (1976) point out that the extent and nature of 
cardiopulmonary functional impairment found amongst coalminers
depends to a large extent on subject selection. Because 
non-working or ex-coalminers may have stopped working on account 
of poor health and are likely to be less fit, they regard it 
as desirable to study both working and non-working miners 
to obtain a true picture of the functional impairments associated 
with coal mining. The present study net only included nearly 
equal numbers of working and non-working miners, but also 
specifically included only subjects who were lifelong non- 
smokers and did not have chronic bronchitis, thereby ensuring 
that the results would reflect only the effects of coalmine 
dust exposure and/or simple pneumoconiosis per se.
The similarity of the results for the working and non-working 
coalminers indicated that the functional changes in pulmonary 
mechanics were due to the prolonged effects of coalmine dust 
exposure and/or simple pneumoconiosis, rather than to a 
bronchiolitis related to acute irritation by the coalmine 
dust. The results on this group of coalminers therefore 
indicated that departure from the coalmining industry was 
not associated with any restoration of impaired pulmonary 
function.
Coalminers compared to Controls (and predicted values)
The two earliest studies of the'.mechanical properties of the 
lungs of coalminers with pneumoconiosis (Leathart 1959,
Ferris and Frank 1962) both included smoking and bronchitic 
subjects. Leathart found that pulmonary compliance was slightly 
decreased in elderly coalworkers but was normal in younger 
coalminers. His analysis suggested that the reduced compliance 
in the elderly group was due to working underground as 
the pulmonary compliance showed no relationship with radiographic 
category of pneumoconiosis. Seaton et al (1972) suggested 
that the fall in compliance in the elderly group may have 
been related to an increase in airways resistance because 
Leathart measured dynamic rather than static compliance.
Ferris and Frank (1962) found that the FVC and pulmonary 
compliance tended to decrease, and pulmonary resistance tended 
to increase with increasing levels of clinically assessed 
disability in a group of symptomatic coalminers with varying 
degrees of simple and complicated pneumoconiosis and who were 
seeking industrial compensation.
Seaton et al (1971) studied perfusion lung scans of 37 hospital 
outpatient miners and ex-miners who had claimed or were claiming 
industrial compensation. All but 5 had symptoms of chronic 
bronchitis. Of the 21 miners with simple pneumoconiosis,
10 were non-smokers but only two were also non-bronchi tie;
12 of the miners with simple pneumoconiosis had normal lung 
perfusion scans. The abnormal scans in all but two of the 
remaining men with simple pneumoconiosis could be explained
on the basis of some condition other than simple pneumoconiosis.
The authors concluded that the. vascular bed of the lung in 
life is normal in most miners with simple pneumoconiosis - a 
finding similar to that of pathological studies (Wells A.L. 1954) 
and studies of pulmonary haemodynamics (Kremer R. 1972) .
Hankinson et al (1977) reported on maximum expiratory flows 
in about 9000 working coalminers. Four groups, each of 
428 subjects matched for age and height, were selected according 
to smoking habit and presence or absence of bronchitis. The 
relative contributions of smoking and bronchitis in coalminers, 
on the change in lung volumes (FVC, RV, TLC), airflow obstruction 
(FEV^, FEV/FVC%, RV/TLC%) and MEFV curves was considered.
Smoking in bronchitics and nonbronchitics caused an increase 
in TLC. This was regarded as being due to loss of elastic 
recoil. Non-smoking bronchitics had decreased maximum expiratory 
flows at high lung volumes without a rise inOTLC and the 
authors inferred that "industrial bronchitis" (induced by 
exposure to coalmine dust) (Morgan and Lapp 1977) led to 
central airway obstruction (i.e..intrinsic disease), but 
not emphysema (i.e. loss of recoil).
It was not possible however, to find an adequately large control 
population (personal communication, A. Seaton 1977). Therefore
only about 100 of the non-smoking nonbronchitic coalminers
were compared with the same number of age and height matched
non-smoking nonbronchitic non-coalminers. No differences in
pulmonary function were found. This observation is not consistent
with the report of reduced maximum expiratory flows at low
lung volumes and increased RV/TLC% in 23 monkeys who had been
exposed to coalmine dust for 24 months (Moorman et al 1979) 
and of maximum expiratory flows lower than predicted in non­
smoking working coalminers (Wright and Marsh 1977)„ It is also 
inconsistent with the results of the present*investigation.
It is likely that the explanation for the discrepancy lies in 
the observation that relatively few of the 100 coalminers 
had radiographic evidence of coalworkers pneumoconiosis, and 
that they had only worked for a relatively short period under­
ground, and were relatively young (personal communication, 
W.K.C. Morgan 1977).
Lapp et al (1976) reported that the closing volume and closing 
capacity of a group of 21 non-smoking coalminers were signifi­
cantly (p < 0.05) higher than a group of 30 controls who had 
similar values for TLC, RV, FVC, FEV^ and FEV/FVC%. They do
not give the number of bronchitics included in the coalmining 
group. Beil et al (1976) were able to demonstrate that the 
mean closing volume and closing capacity of 24 miners with 
simple pneumoconiosis but without increased airways resistance 
during spontaneous breathing, were significantly higher than 
in a control group of 16 healthy subjects of similar age and 
smoking habits.
Hall et al (1975) reported that the CC/TLC% was abnormal 
(i.e. greater than 2SD above predicted) in 9 miners, and CV/VC% 
was abnormal in 4 miners out of 17 non-smoking miners with 
simple pneumoconiosis, 13 of these men did however complain 
of symptoms of bronchitis.
The evidence indicates that in non-smoking miners with simple 
pneumoconiosis and with normal central airway mechanics, 
maximum expiratory flows at low lung volume tend to be reduced 
and closing volume (and closing capacity) tends to be raised.
The finding of the present study confirms this in non-smoking 
coalminers free of bronchitis. These observations can be 
taken as evidence for loss of elastic recoil and/or intrinsic 
airways abnormalities due to coalmine dust exposure.
Seaton et ^1 (1972a) studied the lung mechanics and frequency 
dependence of dynamic compliance in three groups of coalminers.
The first group comprised 62 active or retired coalminers with 
or without radiographic evidence of simple pneumoconiosis 
and with respiratory symptoms and who had an FEV/FVC% of less 
than 70%. All but 11 had chronic bronchitis, and smokers 
were included. The second group comprised 25 coalminers with 
complicated pneumoconiosis with respiratory symptoms. Many 
of these men had an FEV/FVC% less than 70% and all but seven 
had chronic bronchitis. The third group comprised 25 working 
bituminous coalminers with either category 2 or 3 simple 
pneumoconiosis. 10 men had p-opacities and 15 men had q-opacities
Although none of the men in this third group had an FEV/FVC% 
less than 70% and were therefore regarded as being "unobstructed", 
ten of the men had chronic bronchitis. Some of the miners 
were lifelong non-smokers, but some were ex-smokers (i.e..had 
not smoked for at least 10 years). The age range was 42-65 years, 
with a mean of 55 years and in this respect were similar to the 
group of miners studied in this thesis.
This group of 25 coalminers with simple pneumoconiosis has formed 
the basis for 4 separate publications (Seaton, Lapp and Morgan 
1972a,* Seaton, Lapp and Morgan 1972b; Lapp and Seaton 1972; Hall 
et al 1’975) and was the first attempt to investigate in detail 
pulmonary mechanics in simple pneumoconiosis uncomplicated 
by the effects of smoking and/or bronchitis. It was only 
partially successful in this aim because ex-smokers were 
included, and 10 of the men had chronic bronchitis. In all 
four papers the same six age-matched non-coalmining laboratory 
personnel served as control subjects. (The paper concerned 
with the relationship between type of radiographic opacity 
and pulmonary impairment (Seaton, Lapp and Morgan 1972b), and 
that concerned with a follow-up study of 17 of the original 
miners (Hall et al 1975) are considered later in the discussion) .
In the first reported investigation of these 25 men (Seaton,
Lapp and Morgan 1972a) it was initially pointed out that all 
of the men had normal values for total airways resistance.
Of the ten men with bronchitis, six demonstrated a fall in 
dynamic compliance with increasing breathing frequency - a 
result which might be explained by the presence of the 
bronchitis. Out of the 15 men without bronchitis, 11 demonst­
rated a fall in dynamic compliance with increasing breathing
frequency, indicating that small airway abnormalities were
►
present. Of these 11 men, 4 had low values for the coefficient 
of retraction, suggesting that in these men, loss of elastic 
recoil was responsible for the frequency dependence of 
dynamic compliance. However the coefficient of retraction was 
normal in the remaining 7 men, suggesting that intrinsic 
abnormalities were present in these coalminers.
Lapp a,nd Seaton (1972) extended the analysis of the same data 
by comparing the MEFV, Pst(1)-volume, and MFSR relationships 
of the 17 coalminers with frequency dependence of dynamic 
compliance to those of the 8 coalminers without frequency 
dependence of dynamic compliance and with those of the controls 
(Fig. 116). On average, the coalminers without frequency 
dependence of dynamic compliance (no fall in C )^ demonstrated
loss of recoil (Fig. 116b) and the slope and position of their 
MFSR relationship was similar to that of the controls. This 
suggested that in this group the major abnormality accounting 
for the reduced maximum expiratory flows (Fig. 116a) tended to 
be emphysematous in nature.
The 8 coalminers with frequency dependence of dynamic compliance 
(fall in c^yn) had, on average, a normal Pst(1)-volume relationship 
(Fig. 116b) with low maximum expiratory flows (Fig. 116a) 
resulting from a low Gus (Fig. 116c). It is difficult to 
determine from the published MFSR relationship whether this was 
due to a reduced Gs or an increased Ptm'. In any case, this 
analysis could be misleading since 6 of the coalminers with 
frequency dependence of dynamic compliance (i.e. 35%) and 4 of 
those without frequency dependence of dynamic compliance (i.e.50%) 
had chronic bronchitis. Furthermore, since frequency dependence 
of dynamic compliance has recently been observed even in "normal1' 
subjects by Guyatt et al (1975) there is some doubt about the 
usefulness of this test. Morgan et al (1974) have pointed 
out that within subject variation for this test is appreciable.
They measured dynamic compliance at increasing breathing fre­
quencies in 13 non-smoking coalminers with category 1 simple
Fig. 116
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pneumoconiosis and found that the number of subjects they 
could regard as having abnormal results depended upon the 
way frequency dependence of dynamic, compliance was expressed.
When the dynamic compliance at each breathing frequency was 
divided by the static inspiratory compliance and plotted 
against respiratory rate, 3 of the miners had values falling 
below 80% which was not reversed by administration of iso­
proterenol, and were therefore regarded as having an abnormal 
result. When dynamic-compliance at the fast rates of breathing 
e.g. 60 to 80 breath min. was related to the dynamic com­
pliance during quiet breathing (e.g. 12 breath min. , none 
of the miners had values which fell below 80% which was not 
reversed by administration of isoproterenol, and consequently 
all the men could be regarded as having normal results.
When expressed as the dynamic compliance at increasing respiratory 
rates as a percentage of the static inspiratory compliance, 
then 4 of the miners were found to have values at high breathing 
frequencies which fell below the range of values for a group 
of control subjects which was used to define normality, and 
could therefore be regarded as having abnormal results.
These results demonstrate the difficulty of interpreting
frequency dependence of dynamic compliance data, and it was
✓
mainly for this reason that the test was not used in the 
present study. In addition frequency dependence of dynamic 
compliance cannot distinguish between intrinsic or extrinsic 
factors. In the investigation discussed above, the authors 
fail to indicate to what extent their 13 non-smoking category 
1 simple pneumoconiotics suffered from chronic bronchitis, so
their results cannot be used to provide information about 
simple pneumoconiosis per se.
Lapp and Seaton (1972) also analysed the data on the 25 non­
smoking pneumoconiotics by dividing the group into 10 miners 
with bronchitis and 15 miners without bronchitis. It is only 
the latter group, therefore, which is directly comparable 
with that of the present investigation. Once again MEFV,
Pst(1)-volume and MFSR relationships were reported (Fig. 117).
The miners with bronchitis had slightly lower maximum expiratory 
flows (Fig. 117a) and also tended to have slightly lower 
values for elastic recoil (Fig. 117b) than the nonbronchitic 
group; their MFSR relationship (Fig. 117c).was more similar 
to that of the controls suggesting that their lungs tended 
to be more emphysematous, on average, than the coalminers 
without bronchitis. The nonbronchitic coalminers also, had 
a lower Gus (Fig. 117c) and tended to have relatively more 
intrinsic narrowing (i.e. reduced Gs) since the mean Ptm' 
appeared to be similar in both mining groups and for the controls
These findings are not in agreement with those of the present 
study, which showed that the major abnormality in 36 non­
smoking, nonbronchitic coalminers was loss of elastic recoil 
with a tendency to increased collapsibility of the flow 
limiting segment (i.e. increased Ptm'), without intrinsic 
narrowing of small airways (ile. normal Gs without any difference 
in MEFcnH/A%.
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conflicting results might be related to differences in radi­
ographic category and/or years worked underground. Unfortunately, 
the relevant data is not given for the 15 non-smoking non­
bronchitic coalminers, so it is not possible to determine
whether or not these factors are responsible for the disparity
1
in the results obtained in the present study and those of 
Lapp and Seaton (1972).
The results obtained by Lapp and Seaton (1972) on the 15 non­
bronchitic (and non-smoking) coalminers also differ from the 
results of a more recent report by Murphy et al (1978). In 
this study, 20 non-smoking (17 never smoked, 3 ex-smokers) 
coalminers were studied. They all had category 1 or 2 simple 
pneumoconiosis, with a mean age of 55.9 years and an average 
of 30.6 years worked underground. Although 11 of the coalminers 
had chronic bronchitis, this sub-group did not, on average, 
have a significantly different Pst(1)-volume relationship 
(except at a low Pst(l) of 2cmH20), MEFV relationship or Gus
at 50%VC, when compared to the 9 coalminers without bronchitis.
The mean Pst (1)-volume, MEFV and MFSR relationships for these
20 coalminers are compared with those for 11 slightly younger
(mean age 53.4 years) and slightly taller (mean height 175.3cm)
non-smoking, nonbronchitic control male subjects, most of whom
were university professional staff (Fig.118). The miners
showed a statistically significantly (p <0.05) lower RPmax
and higher C_m__, . , with the whole Pst (1)-volume curve3 STAT(exp)
shifted to the left of that of the controls (Fig. 1.18b) .
The maximum expiratory flows of the miners tended to be lower
at low lung volumes (Fig.118a) and at most values of Pst(l)
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Mean MEFV (a), ?st(l)-volume (b) , and MFSR(c) relationships 
reported by Murphy et al (1978), for 20 nonsmoking coal­
miners with category 1 or 2 simple pneumoconiosis, compared 
with 11 control subjects of similar age and height.
(adapted, with permission, from Bull, Burop. Physiopath. 
resp. (1978). 14, 61 - 74) .
(Fig, 118c), The Gus (at 50%VC and at Pst(l) values of 
2, 4, 6, 8 and 10 cm.H^O) was not sifnificantly different.
Although Gs and Ptm' were not calculated, inspection of 
Fig. 118c suggests that Gs was similar in the two groups, and 
that Ptm’ is difficult to determine. Even though the authors 
fail to point out that the significantly higher closing capacity 
of the coalminers may partly have been attributable to the 
bronchitic symptoms of 11 of the miners, and to the age 
difference between the groups, these findings suggested that 
loss of elastic recoil was the predominant pathophysiological 
lesion in these coalminers, and fully support the results 
of the present investigation.
I *
i
j In addition, it is' important to note-that a statistically significant correla- 
| tion between two variables (eg VYgwr/FVC% and XRGAT),;does not imply, causation, 
j Thus, in the example, it cannot be assumed that the increase in XRCAT necessar- 
j ily causes the increase in V^gQ»/FVC%. All that can definitely be stated is 
j that there is a logical association between the two variables. It is entirely 
! possible that both of the variables are'being' influenced by an alternative 
I and unidentified factor.
Pulmonary mechanics in relation to dust exposure and to the
profusion (category) of radiographic opacity
To date, all but one of the investigations of the relationship 
between lung function and dust exposure and/or radiographic 
category (XRCAT) have been cross-sectional studies. The present 
investigation is no exception. The major limitation to this 
type of analysis is that the pulmonary mechanics of individual 
coalminers is not followed temporally. The statistical analysis 
is complicated by having to separate out the effects of factors 
such as age, height, smoking habits, bronchitis and xRCAT .
(see Appendix VII for the approach adopted in this thesis), in 
which case it is desirable to have relatively large numbers 
of subjects. ^
Although the experimental phase of a 9 year follow up study of 
about 117 coalminers with simple pneumoconiosis has just been 
completed in this laboratory (personal communication, A.W. Musk, 
J.E. Cotes), the only published longtitudinalstudy of small 
airways disease in coalminers is that recently reported by 
Hall et al (1975). These workers measured lung volumes,
MEFV curves and closing volumes in 17 of the 25 coalminers, and 
in all 6 of the controls, 4 years after they were originally 
studied by Seaton et al (1972). Most of the miners were 
still working but several had retired, and the number of men 
complaining of bronchitic symptoms had increased to 13.
They found that the 4 additional years of dust exposure caused 
the maximum expiratory flow at 50%VC to fall and the RV, TLC and 
RV/TLC% to rise more than was observed for the equivalent
indices for the control subjects. . Only the fall in maximum 
expiratory flow at 50%VC of 22.8% was statistically significant 
at the 5% level. The FEV^, FVC and radiographic category had
remained unchanged. Although the proportion of bronchitics 
studied had nearly doubled (i.e. increased from 10 out of 
25 (40%) in the original study, to 13 out of 17 (76%) in the 
follow up) the authors claimed that no relationship was evident 
between the presence of bronchitic symptoms and the changes 
in pulmonary function which took place over the 4 years.
The decrement in MEF_ due to 4 years of underground work,oO-sVC
in the absence of any XRCAT changes but in the presence of a 
near doubling of the proportion of bronchitics in the group, 
could have been due to a loss of elastic recoil or to intrinsic 
narrowing of small airways. The measurement of closing volume 
(and closing capacity) and of RV/TLC% which were made in the 
follow up study could not distinguish between these two 
possibilities.
Because it is likely that years worked underground (or some 
other index of total dust exposure) provides a better indication 
than radiographic category of total respiratory insult to which 
the subject has been exposed, Becklacke et al (1972) and Lapp 
et al (1976) related CV/VC% and CC/TLC% (adjusted for age and 
smoking habits) to years worked underground. They found that 
both indices were higher in a group of 19 coalminers who had 
worked between 10 and 30 years underground than in either a 
group of 51 men with less than 10 years underground experience 
or in a group who had worked more than 30 years underground.
The difference was statistically significant at the 5% level 
for the CV/VC%, but not for the CC/TLC% and they were at a 
loss to explain why this should be so, because the reverse 
is usually found to be the case. They suggested that the 
less fit men left the mining industry, leaving the relatively 
fitter men in the "over 30 YRUG" group, and that this might 
explain why CV/VC% of the latter was lower than that of the 
former.
The analysis of the data in this thesis suggested that when 
age and height were taken into account, the tendency for 
CC/TLC% to increase with YRUG was mainly due to intrinsic 
narrowing of small airways. However a tendency for elastic 
recoil pressures to increase with YRUG was also observed, and 
it is Suggested that the opposing effects of these two factors 
may have resulted in the failure.to observe any relationship 
between maximum expiratory flows and dust exposure in this 
thesis. The subsequent analysis which separated out the effect 
of XRCAT from YRUG on lung mechanics, indicated that with 
increasing XRCAT there was a tendency for the lungs to become 
more distensible. Since XRCAT was not included as an independent 
variable in the dust exposure analysis and XRCAT tends to 
increase with YRUG (Fig. 74, r = 0.49 p <0.01), an alternative 
explanation for the observed failure of MEF^ to change with
YRUG may be the opposing effects of increasing recoil pressure 
with YRUG but decreasing recoil pressures with increasing 
XRCAT. Hankinson et al (1975) also noted a tendency for the 
MEF at low lung volumes of non-smoking coalminers to remain 
unaltered when related to YRUG, after taking into account the
effects of age, height and weight. They also reported that 
after taking YRUG, age, height and weight into account in the 
non-smokers, no additional decrement in MEF was observed when 
related to XRCAT. A similar finding was reported for FEV^ by
the National Coal Board (Rogan et al 1973) . However, although 
Gilson and Hugh-Jones (1955) failed to demonstrate a relation­
ship between XRCAT and RV, they noted a slight upward trend in 
RV/TLC% due to FVC falling with increasing XRCAT. It is 
however unclear whether, or not YRUG was taken into account 
in this analysis. The same is true of the work of Lapp et 
al (1976) who failed to find a statistically significant 
relationship between CV/VC% or CC/TLC% with XRCAT (after 
adjusting for age and smoking habits).
Morgan et al (1972) measured TLC by the Barnhart radiographic 
technique which was previously validated against a plethysmog- 
raphically determined TLC, and FVC with a waterless flow- 
volume spirometer. They calculated by subtraction the RV 
of a large number of working coalminers. When expressed as 
a percentage of the predicted value (Needham et al 1954) 
they reported that RV and RV/TLC% rose with increasing XRCAT 
in both unobstructed (i.e. FEV/FVC% >70%) and obstructed (i.e.
’ FEV/FVC% < 70%) miners. These results could however have 
been related to YRUG rather than XRCAT, and it was not possible 
to distinguish between these two factors since the YRUG 
associated with each XRCAT was not given. When the unobstructed 
miners were divided into smokers, ex-smokers and non-smokers, 
and the RV expressed as a percentage of the predicted value, 
the RV of the smokers was, on average, greater than in the non-
smokers (with the value for ex-smokers falling between the 
two), and in all groups tended to increase with XRCAT.
The authors did not feel that development of focal emphysema 
could explain their findings since they also observed an increase
i •
in RV (in relation to RV predicted) in miners without radiographic 
evidence of simple pneumoconiosis. This could have been due 
to their method of measuring RV (i.e by subtraction) and the 
difference between the population used in their study as 
compared with the population used to obtain the predicted 
values. They suggested that their results indicated that 
intrinsic disease of small airways was associated with increasing 
XRCAT. This hypothesis is not supported by the more recent 
studies already discussed; nor is it supported by the results 
of the present study, which suggest that increasing XRCAT in 
non-smoking nonbronchitic simple pneumoconiotics is associated 
with a tendency for the lungs to be more distensible, after 
the effects of YRUG, age and height have been taken into 
account; however increasing dust exposure (as indicated by 
YRUG) tends to stiffen the lung tissue and lead to narrowing 
of small airways.
A striking feature of the analysis of the relationship between 
pulmonary mechanics and XRCAT was the significant (p <  0.01) 
rise in V A/FVC% with XRCAT. This study is the first to
J . b U V
report on the maximum expiratory flow response to helium in 
coalminers, and in the absence of a statistically significant 
relationship between any of the other indices of pulmonary 
function and XRCAT, the importance of this relationship must 
remain unclear at present.
Pulmonary Mechanics in relation to the type (p or q) of
radiographic opacity
Kibelstis (1973) reported that the mean transfer factor for the 
lung (T ) of non-smoking coalminers fell within the normal
Xj
range for non-smoking non-coalminers, but that smoking miners 
had lower values than non-smoking miners. These observations 
led Morgan and Lapp (1976) to conclude that simple CWP did 
not lead to significant reduction in steady state T .
However there did appear to be a tendency for T to be lower,L
and Frans et al (1975) reported that T was slightly decreased
X j
at rest in non-smoking coalminers. Consideration of the 
pathophysiological pulmonary changes described in chapiter 2 
would lead us to expect a tendency for transfer factor to 
diminish in simple pneumoconiosis.
The mean T and K of all the coalminers studied in this thesis L CO
were significantly lower than those of the controls, but did
not differ significantly from the predicted values (Cotes and
Hall 1970)  ^ However the data from which the prediction equations
were derived contained smokers, and it is known that smoking
reduces the T and K (Van Gance et al 1972, Cotes and Hall L CO
1970, Krumholz et al 1964, Martt 1962, Wilson et al 1960,
McGrath and Thompson 1959). Therefore the predicted values 
for non-smokers should be slightly higher than that given 
in the results, but it is difficult to estimate by exactly 
how.much. Consequently it is not possible' in this study to 
confirm that non-smoking coalminers have a lower gas transfer 
capability than do non-smoking non-miners.
It has been reported that the transfer factor is lower in 
coalminers with p-type of radiographic opacities than in 
miners with q-type opacities (Sartorelli et al 1963, Englert 
and De Coster 1965, Billiet and Ulburghs 1966, Lyons et al 1967, 
Cotes et al 1971, Seaton et al 1972b, Cotes and Field 1972,
Frans et al 1975). Although the present data shows a similar 
trend, it was not possible to confirm this finding, probably 
because of the small numbers involved, and perhaps because 
this study was not complicated by the confounding effects of 
smoking and chronic bronchitis. The cause of the reduced 
transfer factor associated with p-opacities is not known, and 
there have only been three previous studies in which any 
attempt has been made to study in detail the mechanical behaviour 
of the lungs in relation to p and q-type of radiographic 
opacities (Cotes et al 1971, Seaton et al 1972b and Murphy • 
et al 1978) .
Cotes et al (1971) studied 77 coalminers divided into two groups - 
those with predominantly p-type opacities, and those with 
predominantly q-type opacities. The effects of smoking and 
bronchitis were taken into account by ensuring that the average 
smoking and bronchitis scores were similar for both groups.
It was then argued that any differences between the two groups 
must be related to p and q-opacities. However it is 'also 
possible that the differences in pulmonary function reflected 
an interaction between the effects of dust exposure, smoking 
and/or bronchitis.
Seaton et al (1972b) attempted to remove the confounding 
effects of smoking by selecting a group of 15 men with
q-opacities and 10 men with p-opacities, none of whom had 
smoked for at least ten years and who had radiographic 
profusion of opacities of category 2 or 3. All these men had 
an FEV/FVC% greater than 70% but 60% of the subjects with 
p-opacities had chronic bronchitis (from the MRC questionnaire) 
whereas only 27% of the subjects with q-opacities had chronic . 
bronchitis. Lapp and Seaton (1972) reporting on the same 
subjects made a detailed study of small airway mechanics.
The MEFV, Pst(1)-volume and MFSR relationships were found 
to be similar in the two groups - a result which did not 
support the pathophysiological model proposed by Cotes et al 
(vide infra).
Murphy et al (1978) succeeded in removing the confounding effects 
of smoking, by comparing .the mechanical properties of the 
lungs of 13 miners with p-type opacities with those of 7 with 
q-opacities. Only two of the subjects had ever smoked, but 
not in the ten years prior to the study. All the men had an 
FEV/FVC% greater than 70%, and their mean age was 55.9 years 
(range 40 - 69). .
The profusion of radiographic opacities was less than that 
reported by Seaton et al (1972b) and than that of the miners 
studied in this thesis. 16 miners had category 1 and 4 had
category 2 CWP. 11 of the miners admitted to symptoms of 
bronchitis, but the relative proportions of bronchitics to non- 
bronchitics in the p and q-groups was not given. However since 
the authors were unable to detect any material differences in 
pulmonary mechanics when the 11 bronchitics and the rest of the 
subjects (9 nonbronchitics) were compared, their failure to
find significant differences between the p-group and the 
q-group does not seem unreasonable. They also reported that, 
if anything, in their study the miners with q-opacities tended 
to demonstrate a somewhat greater loss of elastic recoil than 
those with p-opacities. Although this finding is in keeping 
with the observations of Lapp and Seaton (1972) it is not 
supported by the results of the present thesis in which the 
reverse- was found to be the case.
The advantage of the current study is that coalminers were 
selected for absence of smoking and for absence of bronchitis. 
This permitted the effects of prolonged exposure to coal mine 
dust to be seen, uncomplicated'by the effects of smoking and 
bronchitis.
Ryder et al (1970) found that the mean emphysema count at 
necropsy in miners with p-type opacities was higher than in 
those with q or r-type opacities. Cotes et al (1971) interpreted 
this finding by suggesting that when the p-type opacities 
persist on the chest radiograph, the condition of the lung 
might progress to focal emphysema (and which in the late 
stages may be associated with material airways obstruction - 
presumably due to loss of radial traction of the airways 
(i.e. of an extrinsic nature), since Ryder et al (1970) also 
reported a lower FEV^ in the miners with p-type opacities
shortly before necropsy).
Gaensler et al (1960) reported that biopsy of the lung in 
the p-typo cases showed an increased amount of reticulum tissue.
These observations led Cotes et al (1971) to suggest the
possibility that the development of p-type opacities is 
associated with an increase in the tissue of the lung 
parenchyma. Being thus in an unstable state, the lung might 
progress to either focal emphysema, or interstitial fibrosis 
or bothf giving rise to characteristic changes in lung function.
Cotes et al (1971.) found that the degree of airways obstruction 
as indicated by FEV/FVC% and SGaw, in cases with predominantly 
q-type opacities was greater than in predominantly p-type 
cases, but reported that the obstruction was minimal and no 
more than to be expected in normal coalworkers. This was 
associated with a significantly lower peak expiratory flow 
r a t e ^  in the q-group, and these findings were interpreted 
as indicating greater airway narrowing (i.e. intrinsic airway 
disease) since these miners did not have more bronchitis, 
wheeze, cigarette consumption or chest illness, and were well 
matched with the p-group or age, height, grade of breathlessness, 
radiographic category of pneumoconiosis and years underground.
Seaton et al (1972b) also found a significantly higher value for 
airways resistance (at FRC) in the 15 non-smoking coalminers with 
q-opacities when compared to the 10 p-type cases of similar 
age, height and years of underground exposure to dust.
(1) In this paper the lung volume for which the "expiratory
flow rate" is given was not indicated. The data suggested 
that this referred to peak expiratory flow rate measured 
with a pneumotachograph (personal observation).
However when airways resistance was expressed as specific 
conductance the difference disappeared. In the current study 
similar results were obtained, in that the miners with q~ 
opacities also tended to have relatively more total airflow 
obstruction together with a significantly reduced distensi- 
bility of the tracheo-bronchial tree (reduced CSR slope) 
than the miners with p-opacities.
No significant differences in the lung volumes of the p and 
q-type groups were found in the present study, nor in that of 
Seaton et al (1972b). Cotes et al (1971), however, found TLC 
to be higher in the coalminers with predominantly p-opacities, 
and the RV was also 0.2 1. higher. In addition they reported 
that the lung compliance was significantly higher and elastic 
recoil pressure at 1 litre below TLC was lower in the p-group 
(the maximum recoil pressure was not reported). Similar 
changes in pulmonary distensibility were also found in the 
present study, and indicate that extrinsic airway disease 
tends to be present to a greater extent in association with 
p-opacities when compared with q-opacities. These effects 
appeared to*be greater in the study by Cotes et al (1971) .
Apossible reason for this might have been the confounding 
effects of smoking or bronchitis, or a greater profusion of 
radiographic opacities, because the period worked underground 
was similar.
The static compliance reported by Seaton et al (1972b) failed 
to differentiate between the p and q-groups, and maximum recoil 
pressures and the Pst(1)-volume relationships were essentially
identical. However the compliance for the p-group was
101% predicted, compared to 85%- predicted for the q-group, 
and the difference was in the same direction as in both the 
study of Cotes et al (1971) and in the present thesis.
These observations are consistent with an increased deadspace 
(Cotes and Field 1972), and an increased persistence of an 
aerosol dispersion half-life indicating larger airspace 
size (Palmer et al 1977) reported in p-type cases. Conversely 
these observations may indicate that q-type opacities may be 
associated with relative stiffening of lung tissue, and 
this interpretation is consistent with the reduced CSR slope 
observed in this thesis. The Pst(1)-volume relationship 
presented by Murphy et al (1978) , however, tends to support 
the opposite view i.e. that the coalminers with q-type 
opacities have a relatively greater loss of elastic recoil 
than the p-group who, in turn, have more similar values to 
those of the controls.
The MFSR relationships given by Lapp and Seaton (1972) for the 
p and q-groups indicated that the Gs of both was similar.
The Gs of the q-group obtained from the MFSR relationship in 
this thesis was significantly lower than that of the p-group, 
and was similar to that of the controls. The MFSR relationship 
given by Murphy et al (1978) tends to indicate the opposite, 
although the differences in Gus were not statistically sig­
nificant at’ the 5% level, and they did not calculate Gs. Lapp 
and Seaton (1972) and Murphy et al (1978) concluded that there 
were no clear differences in the mechanical properties of the 
lungs of the miners with p-type and miners with q-type of 
opacities but that, if anything, the miners with q-opacities 
demonstrated a somewhat greater loss of recoil than those
with p-opacities, The results obtained in this thesis suggest 
the opposite, i.e. that p-type Opacities are associated with 
extrinsic airway disease relatively more than were q-opacities, 
and that although some extrinsic airway disease was observed in 
the q-group, intrinsic disease affecting both central and 
peripheral airways was present to a greater degree in this 
group, causing their small airway function to be more similar 
to control values. A possible reason for the conflicting 
results in the case of the data reported by Seaton and Lapp 
(1972) might lie in the observation that the proportion of 
chronic bronchitics in the p-group (603) was much greater than 
for their q-group (27%). However the reason for the conflicting 
results of Murphy et al (1978) and the present thesis remain 
unclear, although it may be related to the different profusion 
of radiographic opacities in the two studies.
In summary, the results of the present study tend to conflict with • 
those of Seaton et al (1971), Lapp and Seaton (1972) and of 
Murphy et al (1978). They failed to find any statistically 
significant differences in pulmonary mechanics when non-smoking 
coalminers with p and q-types of radiographic opacities were 
compared, but suggested that q-opacities were more closely 
related to loss of elastic recoil. In the case of the data 
of Seaton and Lapp (1972), a possible reason for the con­
flicting results may lie in the inclusion of a greater pro­
portion of chronic bronchitics in their p-group. The results 
of the present study tend to support the findings of Cotes 
et al (1970), and the view that, in life, extrinsic airway 
disease (i.e. focal and/or centrilobular emphysema) may pre­
dominate in miners with the p-type of radiographic opacities.
Although there was also evidence for some extrinsic airway 
disease in miners with q-opacities^intrinsic disease of 
large and small airways tended to be present to'a greater 
extent in this group. This may explain why the mechanical 
properties of their small airways tended to be more similar 
to those of the normal control subjects.
CHAPTER 7
CONCLUSIONS
The selection of nonbronchitic coalminers who had never smoked 
and the application of tests of small airway function, have 
proven to be a useful approach in isolating and clarifying 
the pulmonary pathophysiological changes associated with 
coalmine dust exposure and the development of simple pneumoconiosis.
The results of this study suggested that extrinsic loss of 
recoil was the major factor giving rise to significantly lower 
FEV^ and maximum expiratory flows in 36 coalminers when compared
to 10 similarly aged nonminers and to age and height standardized 
normal values. Longer dust exposures, as indicated by the 
years worked.underground, tended to be associated with stiffer 
lung tissue and narrowing of small airways. These results 
are consistent with the hypothesis that, in the absence of 
bronchitis and the confounding effects of smoking, an early 
reaction to coalmine dust exposure is loss of elastic recoil 
indicating the development of focal or centrilobular emphysema, 
and that with continued exposure either fibrotic tissue is 
formed (possibly to compensate for the loss of recoil), or 
the miners suffering most from the loss of elastic recoil 
tend to leave, the coalmining industry.
The radiographic category of pneumoconiosis was most strongly 
related to the volume of isoflow and the associated pattern of 
change in pulmonary function suggested that this was due mainly 
to loss of elastic recoil.
Miners with p-type of radiographic opacities had relatively 
more extrinsic airway disease (i.e.'loss of recoil) and tended 
to have a slightly lower gas transfer capability than men 
with q-opacities. The latter tended to have a greater degree 
of intrinsic airways disease affecting both central and 
peripheral airways, resulting in the mechanical properties 
of their small airways being more similar to those of the 
controls.
The severity of dyspnea was found to be most strongly related 
to the volume of isoflow, and the changes observed in pulmonary 
function suggested that this was associated with intrinsic 
airways obstruction. This observation could, however, have 
been due to chance, and may warrant further, investigation.
APPENDICES
APPENDIX I
Pulmonary function in oC. ^  antitrypsin heterozygotic coalminers
oC^ antitrypsin ( ^AT) plays a major role in inactivating the
proteolytic enzymes released from lysosomes during cell break­
down, thereby preserving the structural integrity of the lung 
tissue (Hutchinson 1973) . Severe deficiency of <©e ^ AT is
associated with loss of pulmonary elastic recoil and with 
radiographic and pathological changes indicative of emphysema ' 
(Greenberg et al 1973, Eriksson 1964, Eriksson 1965, Laurell 
and Eriksson 1963). Evidence about the influence of intermedi­
ate blood concentrations of ot^AT and hetrozygosity is conflic­
ting (Lieberman et al 1969, Lieberman 1969a, Lieberman 1969b, 
Welch et al 1969, Falk et al 1971, Lieberman et al 1972, Talmo 
et al 1972, Ostrow and Cherniack 1972, Musk and Robertson 
1976), although it might be expected that a prolonged respiratory 
insult such as inhalation of coalmine dust may lead to an 
increased amount of tissue breakdown in hetrozygotes with
intermediate levels of serum cCnAT concentration. It has / -L
already been shown that the lungs of the coalminers in this 
study are, on average, more distensible than normal. If 
hetrozygosity and intermediate serum c< .AT concentrations are 
associated with loss of elastic recoil, as has been suggested 
(Ostrow and Cherniack 1972, Stevens et al 1971) , it would be 
expected that the heterozygotic coalminers with the inter­
intermediate levels of serum <=< ^ AT concentrations would exhibit
the greatest loss of elastic recoil.
Since the venous blood samples taken from the subjects in 
this thesis were analysed for serum oc^AT concentration and
phenotyped at the Protein Unit, Hallamshire Hospital, Sheffield, 
it was possible to test this hypothesis.
The distribution of serum ^  AT concentration for the coalminers 
is shown in Fig. 119. The distribution is similar to that 
found by Eriksson (1965) and by Fagerhol and Laurell (1970) 
except that there were no subjects with grossly reduced 
concentrations of serum oc^AT, and by Musk and Robertson (1976). 
The mean serum ^AT concentration of the coalminers was
1.80g.l ^(SD 0.33g.l "S , and is in accord with values reported 
by other workers (Kueppers 1968, Hutchinson 1973, Musk and 
Robertson 1976). Twelve coalminers had a serum ^AT con­
centration greater than 1.8g.l  ^and it was assumed that they 
had a normal phenotype (PiMM). Twenty four miners had serum 
oC^AT concentration of 1.8g.l  ^or less. Seven were found to
have abnormal phenotypes (PiMS for 2 miners; PiM or M for 
5 miners). Thus the 36 coalminers studied in this thesis were 
divided into a group with normal phenotype (n = 29) and a 
smaller group with abnormal phenotype (n = 7), and their 
pulmonary function was compared (Table 120) .
Hie group of coalminers with abnormal phenotypes had a signifi­
cantly (p <c 0.001) lower s e r u m A T  concentration, but on
average, their pulmonary function was not significantly 
different from that of the coalminers with normal phenotype.
The differences in age and height were taken into account by
expressing the pulmonary function indices as a percentage of
Di
st
ri
bu
ti
on
 
of 
cA
'l 
an
ti
tr
yp
si
n 
co
nc
en
tr
at
io
n 
in 
36 
co
al
mi
ne
rs
00
CN
r*
CN
10
cn
in
CN
01
CO
•
CN
CN
CN
H
•
CN
O « .
CN
cn
iH
00
rH
S
1—I
ID
rH
in
rH
1—I 
00
rH
I
rH
O
O
rH
<T> CO ID in CO CN
sgoaCqns j o  Jtoqumjsi
Se
ru
m 
an
ti
tr
yp
si
nc
 
co
nc
en
tr
at
io
n 
(g
.l
TABLE 120
Pulmonary function in coalminers with normal and abnormal
antitrypsin phenotypes.
antitrypsin phenotype
1 ABNORMAL 
mean (SD)
NORMAL 
mean (SD)
significance
of
difference
P <
number
Phenotype (Pi) 
serum ^ -LATconc11 
(g.l-1 )
7
5,MM or M “” ;2MS
1.39 ( 0.23)
29
MM
1.90 ( 0.27) 0.001
Age (yr.)
Height (m)
Weight (kg.)
Years at coalface 
Years underground 
Radiographic category 
Radiographic type 
Dyspnea grade
LUNG VOLUMES
% pred FVC 
% pred TLC 
% pred RV
VENTILATORY CAPACITY 
% pred FEV-i
54.4 ( 9.4) 
1.71 ( 0.03)
85.4 (19.8)
17.9 (15.7)
21.1 (18.2)
1/0 
4-q;3-0/0 
2.0 (1 .0).
55.9 
1.68
71.9 
18.3
25.7
( 6.4)
( 0.05) 
( 8. 
(12.0) 
(12.9)
1/2
15-q; 10- p ; 4-0/0 
1.8 (0.8)
111.4
108.6
103.1
(12.4)
(10.9)
(23.2)
104.9
105.1
109.5
(12.5)
(ll.l)
(20.9)
101.2 (19.1)
TOTAL AIRFLOW OBSTRUCTION
% pred FEV1/FVC^
% pred RV/TLC#
S.Gaw (cnrf^ O.sec-1)
Gaw - volume slope xl0“3 
(sec.cml^ O**^ )
LUNG DISTENSIBILITY
CSTAT(exp) (1-kPa-1) 
(pred TLC.kPa**l)
(kPa)
95.3
89.5
(10.4)
(17.6)
0.125 ( 0.048)
96.4 (14.0)
97.8 ( 9.8)
97.5 (14.6)
0.119 ( 0.047)
RP,max
ns
ns
ns
ns
ns
ns
ns
ns
ns
n£
ns
ns
ns
PPTLC~20^VC(exp) k^Pa^
2.04 ( 0.66) 2.32 ( 1.21) ns
3.85 ( 0.76) 3.95 ( 1.23)* ns
0.610 ( 0.122) 0.649 ( 0.174)* ns
1.70 ( 0.56) 1.59 ( 0.51)* ns
0.86 ( 0.25) 0.84 ( 0.24)* ns
TABLE 120( continued)
antitrypsin phenotype
ABNOR AL
------------------ significance
NORMAL of
mean SD) mean
difference 
(SD) p <
MAXIMUM EXPIRATORY FLOWS 
PEFR (pred TLC.sec*“l) 1.21 0.27) 1.20 ( 0.29) ns
MEF50?£VC(env) 
(predTLC.sec-1) 0.66k 0.327) 0.5*+6 ( 0.166) ns
MEF75^ /C(env)
(pred TLC.sec~l) 0.21? 0.177) 0.16*+ ( 0.070) ns
RESPONSE TO HELIUM
m e f 50h /a % 129. k *+5.o)# 132.0 (21.3)! ns
MEFy^H/A% 139.7 65.8)# 121.7 (3*+.5)! ns
VisovAv^ 36.6 25.6)## 26.7 (l*+.8) ! ! ns
CLOSING VOLUME
cv/Vc# 2 0 .9 8.9) 22.9 ( 7.5) ns
CC/TLC?' *+5.7 6.*+) *+9.5 ( 6.2) ns
N2 Index (#N2.1-1) 1.50 !•*+?) 1.32 ( 0.88) ns
SECONDARY RELATIONSHIPS
Gs
(pre dTLC.s ec-1.cmH20~l) 0.160 0.058) 0.160 ( 0.051)* ns
Ptm' (cmH20 ) O.kO 1.53) 1.06 ( 1.63)* ns
CSR slope
( predTLC . sec-l-*-cmH20-l) 0.0125 o.oo*+6) 0.01*+*+ ( 0.0081)* ns
MEF/Gaw slope 
(cml^O) 13.7 7.1) 13.5 ( 7.1) ns
LUNG GAS TRANSFER
*L
(mmol.min~l.kPa-l) 9.93 2.08) 9.20 ( 2.12) ns
o o 1.55 0.17) 1.52 ( 0.32) ns
D
m
(mmol.min-1.kPa~l) 15.0 k . 9 ) l*+.2 ( *+.8) ns
Vc (ml) 76.*+ 16.5) 70.0 (17.8) ns
* n = 28; ! n = 2 7 ;  !! n = 26; # n = 6; ## n = 5.
the predicted value. The reported severity of breathlessness 
was similar, as was the number of years of coalmine dust 
exposure.
However the average radiographic category of the abnormal group 
(l/o)was lower than that of the normal group (1/2), and there 
were ten miners with p-opacities in the normal group, but 
none in the abnormal group. Since both increased radiographic 
category and the presence of p-opacities have been shown to be 
related to a tendency for the lungs to be more distensible, 
this might explain the similarity in pulmonary function.
When the miners with p-opacities were removed from the group 
of miners with normal cc^AT phenotype, their average radiographic
category (1/1) was more similar to that of the coalminers
with abnormal oC^AT phenotypes, and there was still no significant
difference in pulmonary function (Table 121).
Relatives of subjects with severe oC^AT ‘deficiency have been
shown to have an increased prevalence of obstructive lung 
disease (Lieberman 1969a, Ostrow and Cherniack 1972) and in 
subjects with established emphysema the prevalenceof inter­
mediate levels of oc ^ AT is higher (Lieberman et al 1972,
Kueppers et al 1969, Lieberman 1969a, Lieberman et al 1969,
Falk et al 1971, Stevens et al 1971). In most investigations, 
however, only small groups of subjects were studied, usually 
patients from clinics for respiratory disease or relatives of 
severe oc ^ AT deficiency. Musk and Robertson (1976) studied
224 healthy working males who were not selected on the basis'
TABLE 121
Pulmonary function in coalminers with abnormal
antitrypsin phenotype, excluding 10 miners. 
with'p-opacities.
ABNORMAL
mean (SD)
NORMAL
mean (SD)
significance
of
difference 
■ p-E.
number
Phenotype (Pi)
Serum ^ lATconc11 
(g.l”1)
Age (yr.)
Height (m.)
Weight (kg.)
Years at coalface 
Years underground 
Radiographic category 
Radiographic type 
Dyspnea grade
LUNG VOLUMES
7
5,"M or M u; 2MS
( 0.23) 
( 9e*0 
( 0.03) 
(19.8) 
(15.7) 
(18.2) 
l/o 
4-q; 3-0/0 
2.0 (1.0)
1.39
54.4
. 21.71
85.4 
17.9 
21.1
19
MM
1.86 
56.9 
1©66 
72 e 2 6 
17.5 
25.4 
1/1 
15-q; 
1.8
( 0.26) 
( 6.9) 
(0.04) 
8.31 
(12.1) 
(13.6)
.4 -  0/0 
( 0.7)
0.001
ns
0.01
0.05
ns
ns
ns
% pred FVC 111.4 (12.4). 108.3 (11.4) ns
% pred TLC 108.6 (10.9) 107.0 (11.9) ns
% pred RV 105.1 (23.2) 107.5 (16.8) ns
VENTILATORY CAPACITY
% pred FEV1 101.2 (19.1) 98*3 (11.0) ns
TOTAL AIRFLOW OBSTRUCTION 
% pred FEV1/PVC^ 95.3 (10.4) 96.8 ( 8.8) ns
% pred RV/TLC# 89.5 (17.6) 94.0 ( 9*8) ns
S.Gaw (cmP^O.sec-"^) 0.125 ( 0.048) 0.109 ( 0.042) ns
Gaw - volume slopexlO” 
(sec.cm^O"^)
■3
2.04 ( 0.66) 2.04 ( 1.09) ns
LUNG DISTENSIBILITY
CSTAT(exp) (l«kPa“ 1) 3.85 ( 0.76) 3.59 ( 0,93) ns
(Pred TLC.kPa*"1) 0.610 ( 0.122) 0.607 ( 0.144) ns
RP (kPa) 
max
1.70 ( 0.56) 1.65 ( 0.55) ns
PPTLC-20^VC(exp)^kPa^
0.86 ( 0.25) 0.86 ( 0.25) ns
TABLE 121(continued)
<X1 antitrypsin phenotype
ABNOR M L NORMAL significance
mean SD) mean (SD)
of
difference
P
MAXIMUM EXPIRATORY FLOWS
PEFR (pred TLC.sec-1)
MEF50^VC(env)
(pred TLC.sec-^)
MEF75^VC(env)
(pred TLC.sec-1)
1.21
0.66*f
0.217
0.27)
0.327)
0.177)
1.20
0.555
0.167
0.28)
O.156V
0.066)
ns
ns
ns
RESPONSE TO HELIUM
MEF50H/A#
mef75h/a#
VI S O V ^ ^
129. if 
139.7 
36.6
**5-0)#
65.8)#
25.6W
137.9
13^.0
21.7
17.5)*
31.0)*
10.7)*
ns
ns
CLOSING VOLUME
c v a c %
CC/TLC#
N2 Index (#N2.1~1>
20.9
k5.7
1.50
8.9) 
6 .if) 
l.if7)
22.1
if8.2
1.31
6.5)
if.8) 
0.88)
ns
ns
ns.
SECONDARY RELATIONSHIPS
Gs
(p§edTL'0.sec“  ^.cmH20-^) 
P t m ’ (cmH20)
CSR slope
( pr e dTLC. s ec~ ^ • cmH20“ "^) 
MEF/Gaw slope 
(cmH20)
0.160
O.ho
0.0125
13.7
0.058)
1.33)
o.ooi+6)
7.1)
0.lif3 
• 0.8if
0.0117
lif.l
o.03if)
1.63)
0.0066)
5.8)
ns
ns
ns
ns
LUNG GAS TRANSFER
TL
(mmol.min~ ^ •kPa” ^) 
KCO
Em
(mmol.min~ 1.kPa-1) 
V c (ml)
9.93
1.55
2.08)
0.17)
9.61
1.61
1.73)
O.29)
ns
ns
15.0 
76.if
if.9)
16.5)
15.1 
73.^
if.8)
17.0)
ns
ns
* n = 18; il n = 6; iHf-n = 5*
of a, personal or family history of chronic obstructive lung 
disease or of ©c ^ AT deficiency, and found that the pulmonary
elastic recoil and diffusing capacity (transfer factor) of
%
26 male subjects with intermediate serum c< ^ AT levels 
-1( -<150mg.dl ) were no different from those of 179 subjects
with normal AT levels (150 - 300mg.dl )^ ,
The results of the present analysis support the observations 
of Musk and Robertson (1976) and it is concluded that heteroz 
ygosity and intermediate serum oc ^ AT concentration is not
associated with any abnormality of pulmonary function in 
terms of large or small airway mechanics and gas transfer 
capability even when the subjects have worked underground in 
coalmines for 20 - 25 years.
APPENDIX II
Two suggestions for the improvement of the measurement of 
the volume of isoflow (V */FVC%)
The coefficient of variation associated with the V */FVC%
l o U V
is in the order of 25-30%. This, however, includes inter­
subject variability . The intra-subject and inter-observer 
variability of this index might be reduced by consideration 
of the following two suggestions:-
Choice of the MEFV curves to be compared
The measured V */FVC% is influenced by comparing MEFV
JLoUV
curves with different FVC's as exemplified in Fig. 122. A 
small difference in FVC can cause a relatively large 
difference in . Consequently it is necessary to
v.ensure that the'FVC’s of the two curves under comparison 
are as close as possible, ideally identical. This may not 
be possible under survey conditions, but in the laboratory 
should be possible, as has been demonstrated in this 
thesis. If identical FVC's can be obtained, then the 
problem of deciding whether to match the curves at TLC of 
RV no longer exists, and the variability associated with 
this index should be reduced.
2. Increased density separation of the gases expired
It is often difficult to identify accurately the point 
at which isoflow begins. This can be clearly seen when
EL^.122
Improvement in the Visofr/FVC measurement 
1. Comparison of Ml.'KV curves with identical FVC
No Viso^
Falsely High Viso£
Fig 123
Improvement of the. V. ,\/FVC measurement 
— x-------------------- i s o V --------------------
Increased density separation of the expired gases
Ain.
the air and helium curves are compared in Fig. 123. If 
the density separation of the expired gases were increased 
(but the similarity in viscosity maintained) the point 
at which isoflow begins would be easier to identify.
This is also shown in Fig. 123, in which an increased 
density separation was achieved by comparing a maximum 
effort flow volume curve on a helium mixture (80%He/20%02)
with one on a more dense gas mixture of sulphur hexaflouride 
(SFg) (80%) and oxygen (20%). However the magnitude of
the V ' when helium and sulphur hexaflouride are compared 
JLoUV
will be lower than the corresponding helium/air comparison 
as theory would predict (see Fig. 124). Thus although it 
may be easier to identify the point at which isoflow 
commences, adoption of the helium/SF^ comparison would make
it necessary to establish new normal values for the v-j-SQy
measure'd in this way.
Fig. 124
Theoretical Predictions for using.gases of varying
densities'.
If the viscosity is maintained as a constant, then the less dense 
the gas, the lower will be the Reynolds Number (Re = r-^/^i where
<v = mean linear velocity of the gas, r = radius of tube,
^ - density, viscosity) and laminar flow will commence at a
relatively higher flow rate. This would predict the following
  •
MEFV curves and Vjggy values when HeC^, Air, and SFgC^ in the
proportions shown in Table 23 are breathed.
HeCL laminar flow starts
Air
.Air laminar flow starts
SF/- laminar flow start
V olume
VISOV He/Air >  VISOV h°/SF6 
Vjsqv He/Air >  V IS0V Air/SF^
w  hg/s% = vis0; Ai^ F6
TABLE 23
Physical properties of the gases breathed.
o (3)
%  composition of inspired Viscosity (at 20 C) J
gas(l) Density^2 ) (g.1-1) (/<Poise)
Air 80% N2/20% 02 1.286
80% He/20% 02 0.429
8o% sf6/20%02 5.567
(1) The physical properties of the gas expired will differ slightly 
from the inspired gas due to the addition of about 3% C02 and
saturation with water vapour. However this should influence 
both MEFV curves equally.
(2) Density was calculated as the weighted mean of the densities of 
the individual components of the gas mixture.
(3) Viscosity is given at 20°C. At the expired temperature of 
37°C the viscosity will be altered in relation to the 
Sutherland factors corresponding to the components of the 
gas mixture. A simple weighted mean is given, but this may 
not be entirely appropriate (Prestele et a l , 1976).
179.2
195.2
160.2
APPENDIX III
On the use of the TLC obtained.by the helium dilution method 
for the volume axis of the Gaw-volume, Pst(1)-volume and 
Gus-volume relationships
The plethysmographic determination of lung volume, and of 
plethysmographic TLC is described in chapter 3. This method 
was found to give a higher TLC than by the helium dilution 
method. The magnitude of this difference was 0.73 litre 
(10.2%) and 0.93 litre (14.9%) for the controls and coalminers 
respectively (Fig. 125) , and this was greater than expected 
in a group of relatively healthy men of this age (vide infra). 
Dubois et al (1956) reported that the functional residual 
capacity measured by an open circuit technique (Darling, Cournand 
and Richards 1940) was identical to end expiratory thoracic 
gas volume measured plethysmographically in 9 seated normal 
subjects. Matthys, Keller and Herzog (1970) found no significant . 
difference in residual volume or total lung capacity whether 
measured plethysmographically or by helium dilution spirometry 
in 32 normal healthy subjects.
The results obtained for antitrypsin serum concentration 
and phenotype (see appendix I) gave no reason to expect an 
inordinately large volume of unventilated airspace in the men 
of the present study. In the absence of any obvious physio­
logical reasons to explain this observation, it seems appro­
priate to examine some of the technical factors that could 
give such a result.
CTi
Lu
LJ
o
C O
toCL­
UJ
JD
Q
ln
o mcoON
to
Q_
CD
TLC
 
(P
let
h)
 
lit
re
The plethysmographic TLC was determined by calculating the 
mean of all the TLC measurements made on each man, rather 
than selecting the best five measurements obtained at or 
near functional residual capacity. The latter is the more 
conventional way of determining TLC, and so in order to test 
whether or not the inclusion of a greater number of TLC 
measurements (spread over a larger lung volume) caused the 
reported TLC for an individual to be any larger, the two 
methods were compared (see Table 24). The comparison showed 
no significant difference, indicating that this factor was 
not the cause of the unduly high volume of unventilated 
airspace.
Lord et al (1977) have recently demonstrated that the variation 
between 5 trained observers measuring Raw and Vtg by the 
plethysmographic method of Comroe et al (1959) from pre-recorded 
signals was consistently significantly different, with a mean 
range of 37% and 12% respectively. They point out that great 
care should be taken when comparing results obtained by different 
observers. In a comparison of measurements of Raw obtained 
simultaneously by an automatic method and by an experienced 
observer, Lord and Brooks (1977) reported that intra-observer 
variation was more likely to be due to a perceptual error in 
the estimation of the angles and made by the observer
than to genuine changes in Raw. Significant difference between 
two observers in Raw of the order of 0.005kPa.l \sec. have been 
noted by Guyatt et al (1967) and this must have been due to 
the differing perception of the slopes of the lines.
TABLE 24
A comparison between taking the mean of all observed 
plethysmographically determined TLC's and taking the 
mean of only 4 or 5 TLC measurements at or near func­
tional residual capacity.
Coalminers Mean of all 
TLC1s measu­
red on 1 man
Mean of 4 or 
5 TLC1 s meas­
ured at or 
near FRC
Significance 
of difference 
by students 
t test
1 8.71 8.74
2 7.73 7.30
3 6.51 6.23
4 7.81 7.82
5 7.49 7.48
6 6.75 6.79
7 7.10 7.22
9 8.01 7.95
10 6.60 6.69
11 6.81 6.92
12 6.27 6.25
Mean (SD) 7.25 CO.75) 7.22 CO.76) NS
Controls
35 7.97 7.87
37 6.61 6.65
39 6.63 6.36
42 7.67 7.76
45 8.61 8.53
46 7.04 7.16
47 7.51 7.13
48 8.45 8.13
49 9.47 9.64
50 8.69 8.80
Mean (SD) 7.86 (0.951 7.80 (1.02) NS
A comparison was made between the Raw and Vtg obtained from 
two whole body plethysmographs in the MRC Pneumoconiosis Unit.
It was shown that (after taking daily variation in Raw into 
account) both the Vtg and Raw determined by the same operator 
using the same plethysmograph as described in this thesis, were 
consistently higher than the values obtained using the other 
plethysmograph (Physics Department) (personal observation 1974). 
In the present study, the estimation of the slopes of the lines 
from the oscilliscope trace was made at the time of the • 
measurement using a cursor projected onto the oscilliscope 
and averaging the slopes by eye over about 5 to 10 "pants".
When using the physics department plethysmograph a slightly 
different technique for determining Raw and Vtg was employed, 
in that the estimation of the slopes of the lines from the 
oscilliscope trace was made after one or two "pants" had been 
recorded on a storeage oscilliscope. More time could be taken 
in measuring the slope and fewer "pants" were required and 
this may be related to the relatively lower Raw and higher Vtg 
found by this method. The higher Vtg observed using the 
present technique may also be associated with the longer panting 
which tends to take place at progressively higher lung volumes 
as the duration of panting increases (personal observation).
The foregoing paragraphs merely serve to demonstrate that the 
plethysmographic assessment of Raw and Vtg (and hence TLC) is 
to a large extent dependent on the observer's estimation of 
the slopes of the lines on the oscilliscope (i.e. the angles 
O- and 2) and that there are considerable inter-observer
differences in this estimation. In the present study, the 
Vtg and plethysmographic TLC appears to have been over-estimated 
by anything up to 9.9% for the controls and 14.9% for the 
coalminers, whereas the Raw (and Gaw) appears normal. Over­
estimation of both angles and could explain this
observation. Since Tan O'^ = A  Pbox/ APmouth, Tan O' ^ =
A Pbox/ A V , Vtg cC. Tan O* ^  and Raw ck Tan 2/Tan O' ^  r i f
fi-i is measured high by the observer it is likely that 0 * 2  
■ *
was also measured high. It follows that the resulting Vtg 
will be relatively overestimated, but since both 0* and O ’ 2
are high, (if both are of similar absolute magnitude) the Raw 
will tend to remain unaffected. After the experiments on the 
coalminers had been completed, a comparison of plethysmographic 
TLC and TLC by the helium dilution technique was carried out 
using healthy young laboratory personnel. Apparatus, observers 
and techniques for both TLC measurements were identical to that 
employed in this thesis. The results are given below, and show 
that even in young subjects the volume difference in helium 
dilution and plethysmographic TLC was found to be in the order 
of 0.84 litre (BTPS), i.e. similar to that found.in this thesis.
Subject Age TLC (Pleth) TLC (He Dil) Difference
1 (BTPS) 1 (BTPS)
EK 22 7.85 7.11 0.74
SJL 25 10.54 9.34 1.20
AWM 34 9.22 8.26 0.96
MJS 34 8.66 8.20 0.46
Mean difference = 0.84 1.
The results of an earlier and completely independent comparison
between the plethysmographic and helium dilution methods for
determining TLC are shown in Fig. 126. This study was carried 
out using the same plethysmograph and same resparameter as used 
in the present study, but the measurements were made by different 
observers. Unless the characteristics of the plethysmograph 
and/or resparameter have changed, a reasonable deduction may 
be that the relatively high values for TLC and Vtg obtained 
by the plethysmographic method in this thesis are likely to 
be due to the overestimation of the angles and
Because of this, it was decided to use the TLC determined by 
the helium dilution technique TLC(He Dil) to compute the % 
predicted TLC that constitutes the abscissa of the Gaiv-volume,
Pst(1)-volume, and Gus-volume relationships.
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Fig. 126
Comparison of plethysmograph with helium dilution method 
of determining TLC, on 3^ patients v/ith asthma and 
bronchitis.
(C. Bevan, C. B. Mckerrow. Unpublished results, 1971)•
Helium dilution TLC (litre BTPS)
APPENDIX IV
The validity of using the maximum expiratory flows from the 
maximum flow-volume envelopes determined spirometrically at 
the mouth in the construction of the secondary relationships
The isovolume pressure-flow analysis shows that there is a 
critical pleural pressure at which maximum expiratory flow 
is first achieved at any lung volume. If during a maximal 
effort expiration the pleural pressure becomes more positive 
than this critical value, the air in the alveoli and airways 
will be compressed and at any given flow rate the volume of 
air measured at the mouth will be less than the volume 
displacement due to movement of the thorax. Conversely, at a 
given lung volume the flow will appear lower on the MEF/Vmouth 
curve than on the MEF/Vpleth curve (Fig. 127). The effect is 
termed alveolar gas compression. It can be detected by measuring 
the volume expired at the mouth simultaneously with the volume 
displacement due to movement of the thorax measured by plethys­
mography and plotting both against flow measured at the mouth 
during the performance of a maximum effort expiration.
In the construction of the secondary relationships (i.e. the 
MFSR and MEF/Gaw relationships), if the flow is taken from the 
MEF/Vmouth curve, then the flows will be underestimated due to 
alveolar gas compression. Since, over the lower two thirds of 
the vital capacity the functional relationship between elastic 
recoil pressure, maximum expiratory flow and volume is mainly 
determined by the physical dimensions of the lungs and airways 
(Mead et al 1967), the MEFV curves, MFSR and MEF/Gaw relationships
Maximum
Expiratory
Flow
MEF/Vmouth Curve 
(Volume measured at mouth)
MEF/Vpleih curve 
(Volume measured by 
plethysmographic assessment 
of thorax displacement)
Volume
MAXIMUM EFFORT FLOW-VOLUME CURVES DEMONSTRATING THE 
EFFECTS OF ALVEOALAR GAS COMPRESSION: volume expired at the 
mouth measured simultaneously with the volume displacement of 
the thorax by plethysmography, plotted against maximum expiratory 
flow measured at the mouth.
should be analysed in terms of the actual change in lung 
volume or degree of lung inflation. Thus the MEF/Vpleth 
curve should be used to give the flows.
The plethysmograph available for the studies described in 
this thesis could have been converted to the constant pressure 
mode for the determination of MEF/Vpleth curves. However 
pilot studies showed that the variability in the measurement 
of volume by pneumotachographic integration was greater than 
when the McDermott spirometer was used. For these reasons 
it was decided to use the McDermott stereo-tape spirometer to 
record the maximum effort flow volume curves.
It has been shown by Ingram and Schilder (1966) that the 
maximum flow-volume envelope (obtained by repeating forced 
vital capacity manoeuvres with varying efforts and recording 
flow and volume at the mouth) was very similar to the maximum 
effort flow volume curve using plethysmographically determined 
volume (Fig. 128). This was true for normal subjects and for 
patients with moderate and severe "obstructive disease". It 
was considered desirable to confirm these findings and to val­
idate the substitution of the maximum expiratory flow volume 
envelope determined spirometrically at the mouth for the 
plethysmographically determined maximum effort flow volume 
curve in the construction of the secondary relationships. 
Therefore maximum expiratory flow volume envelopes were const­
ructed for each of six laboratory subjects using the McDermott
stereotape spirometer at the mouth following the method
Fig., 128
DP
i. X
RI
DSRW
16
12
o0)
w
H TS
g
10050'25
volume (% FVC)
Flow volume curves from 5 normal subjects - data of Ingram and 
Schilder, 1966,
The maximum flow volume envelope determined spirometrically at the 
mouth (solid line) is similar to the plethysmographically determined 
maximum effort flow volume curve (broken line), and gives higher flows 
than the maximum effort flow volume curve determined spirometrically 
at the mouth (dashed and dotted line).
described in this thesis. The mean of three maximum effort 
flow volume curves was determined for each subject using the 
plethysmograph. The results of this comparison are presented 
in Fig. 129. In three of the subjects (EK, MJS, EH) the maximum 
flow volume envelope determined spirometrically at the mouth 
closely resembles the plethysmographically determined maximum 
effort flow volume curve, supporting the observations of 
Ingram and Schilder (1966). In the other three subjects 
(JR, MG, PJ), the envelope determined spirometrically at the 
mouth falls below the plethysmographically determined maximum 
effort flow volume curve.- However, it is closer to the latter 
than the maximum effort flow volume curve determined spiro­
metrically at the mouth.
Although the construction of a maximum flow volume envelope 
by spirometry at the mouth was not the ideal method for 
determining maximum expiratory flows for constructing the 
secondary relationships, the method did appear to minimize 
errors due to alveolar gas compression as far as was compatible 
with the use of the McDermott stereo type spirometer. A 
similar approach has recently and independently been adopted by 
Brody et al (1977).
16 (* MEF (l.sec~ )
12
JR8
% FVC70
s
EK
.MJS MG
PJRH
Flow volume curves from 6 normal subjects - from a pilot study (1976).
The maximum flow volume envelope determined spirometrically at the 
mouth (solid line) closely resembles the plethysmographically 
determined maximum effort flow-volume curve (dashed line) in three 
subjects (EK, MJS, RH). In the other three subjects (JR, MG, PJ) the 
envelopesolid line*) falls below the latter (d a s h e dline) but is closer 
than the maximum effort flow volume curve determined spirometrically 
at the mouth (dashed and dotted line).
APPENDIX V
Predicted normal values for indices of pulmonary mechanics 
of healthy male non-smokers
Lung Volumes
Data of Krumholz and Hedrick (1973) indicates a 6.15!/.. difference 
in FVC between middle aged male smokers and non-smokers.
Marcq and Minnette (1976) found the FVC to be 1.8 to 3.4% 
lower in smokers than non-smokers. Tockman et al (1976) gave 
age regression equations for FVC in male smokers and non-smokers. 
Application of these equations to men of the same age as the 
coalminers of the present study gave a value of 4.1 litre for 
•smokers and 4.3 litre for non-smokers, the difference being 5%.
The prediction equation used to calculate the % predicted FVC 
in this thesis was that of Kory et al (1961) (Table 5). The 
reference group from which the prediction equation was derived 
included smokers and non-smokers. Hence a predicted value for 
non-smokers might be expected to be in the order of 103% 
predicted FVC.
Marcq and Minette (1976) found that the RV of 80 smokers and 
61 heavier smokers ( > 5 pack years) was respectively 2.9% and 
7.0% higher than in a group of 65 non-smokers. Martin et al 
(1975) reported that 16 out of 45 smokers had RV's more than 
20% greater than the predicted value of Bates et al (1971).
The equation used to calculate the % predicted RV in this 
thesis was that of Goldman and Becklacke (1958) (Table 5).
The reference group from which this prediction.equation was 
derived also included smokers. Therefore a predicted value for 
non-smokers may be expected to be in the order of 96% 
predicted RV. -
The regression equations given by Tockman et al (1976) were' 
applied to men of age 55 years and it was shown that the TLC, 
measured by the helium dilution method, was 6.69 litre for 
smokers and did not differ from that of non-smokers (6.68 litre). 
Marcq and Minette (1967), also using the helium dilution technique, 
obtained similar results for 65 non-smokers (mean age 36.9 years, 
mean TLC = 6.83 litre) when compared with 80 smokers (mean 
age 36.1 years, mean TLC = 6.76 litre) and 61 heavier smokers 
( ^  5 pack years, mean age 38.6 years, mean TLC = 6.75 litre) .
On account of the fall in FVC and rise in RV, the TLC tends to 
remain unchanged by smoking. Thus, even if smokers were 
included in the reference group from which the prediction 
equation was derived, the predicted value pertinent to this 
thesis would still be 100% pred. TLC.. For the same reasons, the 
% predicted FRC will also be 100%.
Ventilatory Capacity (FEV^)
The equation used in this thesis (see Table 5) to calculate the 
% predicted EEV^ was the combined regression equation given
by Cotes et al (1966) in which smokers were included.
Cotes (1975) reports that the FEV^ of a group of adult European
males without chest illness or dyspnea declines with age at 
a rate of approximately 0.03 litre per year. Data of Oldham 
and Higgins (1962) indicate that the FEV^ of lifelong non-
smokers falls by approximately 0.013 litre per year. The 
expected difference between smokers and non-smokers in decline 
of FEV^ with increasing age may therefore be estimated to be
in the order of 0.017 litre per year. Fletcher et al (1976), 
in a more recent study, also found that the difference in the 
mean decline of FEV^ between non and ex-smokers and regular 
smokers was 0.017 litre per year. If we assume that FEV^
falls from age 25 years, then lifelong smoking abstinence in 
men of age 54 years and height 1.7 metre will result in an FEV^
that is 0.49 litre greater than predicted, i.e. 116% predicted 
FEV'1.
The regression equation of Knudson et al (1976) based on 128 
male smoking abstainers over 25 years of age predicts an FEV^
of 3.18 litre for the men aged 54 years, height 1.7 metre. 
Likewise, the regression equation of Morris et al (1971) 
based on 517 non-smoking males over 20 years of age predicts 
an FEV^ of 3.17 litre. Both these values are 3.6% greater
than the value obtained from the prediction equation used
in this thesis. Marcq and Minnette (1976) report that the
effect of smoking on FEV is in the order of 3 to 6%. In the
1
latter three studies, the smokers had been chosen on the basis 
of being completely free of respiratory symptoms and this may 
have eliminated the men whose FEV^ declines most rapidly (i.e. the
"FEV^ losers" described by Fletcher et al (1976)). The studies
of Oldham and Higgins and of Fletcher et al (vide supra), 
however, included smokers with cough and phlegm, and therefore 
also probably included "FEV^ losers" resulting in the estimation
of a larger effect on FEV^ of smoking abstinence (i.e. 16%
compared with 3 to 6%).
It would thus appear that the different values reported for 
the effect of smoking on FEV^ are probably due to the differing
selection criteria applied to the groups of men under investigation, 
in particular with regard to respiratory symptoms. Krumholz 
and Hedrick (1973) found FEV^ to be 9.9% greater in 136 non-
smokers than in 91 smoking middle aged business men (mean age 
47 years) who claimed to be in good health and were working 
regularly. Cotes et al (1966) reported that the difference in 
FEV^ between non-smokers and light to moderate smokers (inc­
luding ex-smokers) aged about 47 years was 7.6%. The subjects 
in both of these studies were almost a decade younger than those 
in the present thesis.
Thus an estimate of the effects of total smoking abstinence 
on FEV^ could vary from 3 to 16%. Because the "combined
regression equation" used in this thesis was based on groups 
of men that included smokers, an estimate of the effect of 
smoking abstinence for this prediction equation may be expected
to be in the order of 10%. Therefore a value of 110% 
predicted FEV^ for non-smokers was used.
Total Airflow Obstruction
Marcq and Minnette (1976) reported a difference in FEV/FVC% 
between smokers and non-smokers in the order of 2 - 3%.
Krumholz and Hedrick (1973) found a 3% difference in males.
The equation used to compute % predicted FEV/FVC% in this thesis 
was that of Berglund et al (1963) (Table 5). In selecting 
their subjects these workers took special care to exclude 
subjects with long or repeated cough periods, with morning 
expectoration, or with complaints of a degree of dyspnea 
abnormal for their age. However, two thirds of the subjects 
were smokers, so that an estimate of the effects of smoking 
abstinence on the value predicted by their equation will be in 
the order of 2%, giving a value of 102% predicted. FEV/FVC%.
Krumholz and Hedrick (1973) found a 2%.smoking effect, and 
Marcq and Minnette a 3.9% effect on RV/TLC% in middle aged 
men. Since the prediction equation of Goldman and Becklacke ' 
(1959) used in this thesis included smokers, the predicted 
value for non-smokers may be expected to be in the order of 
98% predicted RV/TLC%.
Doershuck et al (1974) reported a specific airways conductance 
of 0.222cm H^ O. sec .^ 'for 29 normal adult males (age range
19 - 54 years). Lloyd and Wright (1963) obtained a value of
0.20 cm H^O.sec  ^for 13 males and Payne et al (1965) gave a
value of 0.227 cm H^O.sec ^for 8 males. These values are simila
to the mean SGaw of 0.18 cm f^O.sec  ^obtained for the controls
in the present study, A normal range for SGaw is given by 
Cotes (1975) as 0.13 - 0.35 cm H^O.sec \
The total airways conductance - lung volume relationships 
for four groups of normal subjects are shown in Fig. 58.
Lung Distensibility
Unpublished data of Bevan and McKerrow, taken from Cotes (1975) , 
served as the basis for the construction of the predicted 
Pst(1)-volume relationship. The data was obtained from 
measurements made on 65 men using the same apparatus and 
technique as described in this thesis, by the same operator 
(CB). Some of the men in this group complained of cough and/or 
phlegm and/or dyspnea, and most were smokers. In order to 
determine whether or not these equations could be used to 
construct a predicted Pst(1)-volume curve suitable for comparison 
with the non-smoking coalminers, a sub-group of 11 men who 
replied negatively to questions about smoking, cough, phlegm 
and dyspnea was identified. The mean values for the expiratory 
compliance, maximum recoil pressure, and recoil pressure at 
20% below TLC for the 11 non-smokers are compared with the 
values predicted for the same age and height from the regression 
equations derived from the data on all 65 men (Table 25) .
No significant difference in lung distensibility was found.
This indicated that the difference between the Pst(1)-volume 
curve of the coalminers and that derived from the regression 
equations reflects the effect of coalmine dust on the lungs of
Table ^5
Comparison of the predicted values for indices of 
lung distensibility (based on about 65 men including 
smokers) with the mean values obtained for a sub-group 
of 11 non-smokers (excluding ex-smokers)______________
(From Cotes 1975 - unpublished data of Bevan and McKerrow)
Predicted value based 
on the reference 
group of 65 males 
which included smokers
Mean value for 
a sub-group of 
11 non-smokers 
(+ 1 Sty
Significance 
of difference 
(students 
t - test)
Smoking Mostly
Dyspnea grade Some
Bronchitis grade Some
Age (yr.)
Height (m.) -
Weight (kg.)
RPmax (cntf^ O) 12-37
RPTLC-20%VC(exp) 10 •4
(cmH20)
CSTAT(exp) (l.kPa”1) 0.267
0
0
0
48.5 (8.15) 
1.74 (0.08) 
78.9 (14.5) 
19.83 (0.96) 
9.78 (2.06)
0.311 (0.112)
ns
ns
the miners rather than the effects of smoking on the lungs 
of the reference group.
The predicted Pst(1)-volume curve was compared with some
Pst(1)-volume relationships given in the literature. (Fig. 130
and Table 26). At a given lung volume the predicted Pst(l) 
tends to be lower than that found by other workers. This 
indicated the existence of technical differences.
The Total Airways Conductance - Lung Elastic Recoil Pressure
(CSR) Relationship
The mean CSR slopes obtained for the coalmines (0.014 SD0.0075 
predTLC.sec "S and for the controls (0.0148 SD0.0054 predTLC "S 
did not differ materially from the values reported in the 
literature (Fig. 63 and Table 12). The slopes were very 
similar to those reported by Leaver et al (1973) (0.0163 pred
TLC.sec and Butler et al (1960) (0.0130 pred TLC.sec "S ,
The former used the same technique to construct the CSR 
relationship as was employed in this thesis. The latter, 
however, constructed their CSR relationship by measuring 
Pst(l) during occlusion of the shutter whilst recording 
A, Pbox/ A  Pmouth during the measurement of the total airway 
conductance - volume relationship. As their subjects had an 
oesophageal balloon in place, oesophageal pressure was subtracted 
from mouth pressure during occlusion to give Pst(l) directly.
The normal values given by Stubbs and Hyatt (1972) (0.0064
predTLC.sec "S and by Bouhuys and Jonson (1967.) (0.0073 pred
-1TLC.sec ) were lower than the values obtained m  the present 
study. These workers estimated conductance from the initial
Pr
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Fig.130
Static elastic recoil pressure-volume relationships 
given in the literature compared with the predicted 
relationship used in this thesis (see Table 26).
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Table 26
Static Elastic Recoil Pressure - Volume relationships 
given in the literature compared with the predicted 
relationship used in this thesis__________ __________
Source
Bevan and McKerrow 
(unpublished data) 
from Cotes (1975)
Schlu.eter et al 
(1967)
Mead et al (1967) 
Turner et al (1968)
Finucane and 
Colebatch (1969)
Lapp and Seaton
(1972)
Ostrow and 
Cherniack (1972)
Leaver et al
(1973)
Symbol in 
Fig._____
xxxxxxxx 
—©—©—©—©—©
ooooooooo
Subjects
65 men
13 normal subjects, aged 40-55 yr,
5 normal men, aged 48-61 yr.
10 normal subjects. Mean age 
53.4 yr.
10 nomral men. Mean age 40.5 yr.
6 non-smoking males. Mean age 
54 yr.
12 normal subjects over 30 yr. 
of age
10 normal subjects (including 
1 female and 2 smokers). Mean 
age 34.5 yr.
slope of the isovolume pressure flow curves. This method gives 
lower values than panting in the plethysmograph, and is partly 
because tissue resistance is included in the measurement, and 
also partly due to less abduction of the vocal cords (Stanescu 
et al 1972),
Colebatch et al (1973) measured pulmonary conductance during 
an interrupted expiration by relating the flow at the time of 
interruption to the change in pressure between the value at 
the time of interruption and the plateau value attained during 
the interval of no gas flow. The measurement therefore also 
included tissue resistance, and in consequence their CSR slope 
(0.0097 predTLC.sec )^ was also lower than that of the present 
study.
Maximum Expiratory Flow-Volume Curves
Regression equations given in the literature for the maximum 
expiratory flows at 50 and 75% VC for normal healthy subjects 
whilst breathing.air are summarised in Table 27. Various 
techniques and types of equipment were used, and note is made 
of these. Regression equations for the maximum effort flows 
for three separate groups of males measured with the McDermott- 
stereo-tape system described in this thesis are also included.
The first of these three groups (Cotes and Legg 1977, unpublished 
data) comprised 18 non-smoking (excluding ex-smokers) healthy, 
asymptomatic male laboratory personnel. The second group 
(McDermott and Oldham 1977, personal communication of unpub­
lished data) comprised 74 non-smoking (excluding ex-smokers)
males studied in a survey of respiratory disability in the
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County of Gwynedd, North Wales. Some of these men replied 
positively to questions on respiratory symptoms, dyspnea 
or reported chest illness in the three years preceeding the 
measurement, or had some form of radiographic abnormality.
The third group (Legg and McDermott 1977, unpublished data}, 
comprised 46'non-smoking (excluding ex-smokers) asymptomatic, 
non-dyspnoeic males with normal chest radiographs and no 
recent chest illnesses and were also selected from the 
North Wales survey data. These men were chosen using the same 
criteria as was applied to the controls in this thesis. For 
this reason the regression equations for maximum effort flows 
at 50 and 75% VC derived from the data on the group of 46 men 
were used as the predicted normal values and compared with 
the corresponding values for the coalminers (see Fig. 61) .
Response to Helium
Normal values given in the literature for the maximum 
expiratory flow response to helium are summarised in Table 28. 
Notes on the different methods used by the various workers 
are included because the methodology has not yet been stand­
ardised and is a major source of variation.
The values obtained for 18 laboratory subjects studied with 
the McDermott spirometer by Cotes and Legg (unpublished data 
1.977) were regressed on age. The age regression coefficient 
was found to be significantly different from zero (p <.0.02) 
when related to V */FVC%, but was not significantly differentloUv
from zero when related to either MEF(r^ H/A% or MEF_I_H/A%■bU /d
(personal observation). Dosman et al (1975) obtained a similar
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result for a larger group of subjects. In addition, the age 
regression coefficient for the MEF,-qH/A% of 39 males studied by
McDermott also failed to be significantly different from 
zero (personal communication 1977).
Our results therefore support the empirical argument in 
chapter 3 and the assertion made by Dosman et al that whereas 
the rise in V ^/FVC^. v/ith increasing age probably reflects
a reduction in maximum expiratory flows secondary to a loss 
of recoil, the MEF,_qH/A% does not change significantly with age
and it may therefore be a relatively specific test of small 
airway calibre. *
Closing Volume, Closing Capacity and Nitrogen Index 
Regression equations for the indices from the single breath 
nitrogen test given by various authors for asymptomatic non­
smoking adults are presented in Table 29. Strictly, the 
^  index of the present study is not directly comparable with
the values given by the other authors since they used the whole 
of the alveolar plateau to assess its1 slope. Only the initial 
part of the plateau (i.e. from 750 to 1250 ml expired) was 
used in this study. The reasons for this are discussed in 
chapter 3.
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APPENDIX VI
Regression analysis for the coalminers: lung function on
dust exposure
Regression analyses for the lung function indices of the coalminers 
were obtained on the
a) Dust exposure index. This was calculated according to 
the formula given in chapter 4.
Dust Exposure Index = 3 (YRCF + 2 (YRUG-YRCF) + 1 (YRSW) + age
b) Years worked at the coalface (YRCF) .
c) Years worked underground (YRUG). ' '
d) Years worked at the coalface (YRCF) and years worked under­
ground but not at the coal face (YRUGNCF), including both 
these variables in the regression.
The inclusion of YRUGNCF as well as YRCF permitted an estimation
of the effect of
i) including YRUGNCF as well as YRCF
ii) splitting YRUG into YRCF and YRUGNCF.
The analysis of the sums of squares due to the regression of the 
lung function indices is given in Table 30. It is plain that
there is only one case (CSR slope) where a lung function index
correlates significantly with the dust exposure index more 
strongly than either YRCF or YRUG. This event would be expected 
due to chance. Consequently it must be concluded that the use 
of the dust exposure index provides no more information on the 
effect of dust exposure on lung function than can be derived from 
regressing'on YRCF and on YRUG.
Splitting the YRUG into YRCF and YRUGNCF only significantly 
influenced the correlation between lung function index and
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YRUG in four cases r- SGawf V >'/FVC%f CSR slope andxbuy
MEF/Gaw slope.
Including YRUGNCF as well as YRCF only influenced the 
correlation between lung function index and YRCF in one 
case - CSR slope. This result may have been expected due 
to chance.
It is concluded that with the data available in this thesis 
the best way of relating a lung function index to dust 
exposure is to determine regression equations for each index 
■on YRCF and on YRUG. The additional effects of age and/or 
height were also taken into account by multiple regression 
analysis.
APPENDIX VII
The statistical approach adopted to assess the effects of 
radiographic category (XRCAT) and of years underground (YRUG) 
(and age and height) on the pulmonary function of the coalminers
As an example of the statistical treatment of the pulmonary function 
indices, the analysis of the FEV^ for its relationship with XRCAT
is elaborated.
Individual multiple linear regressions on YRUG and height were 
calculated for each of three equal sized XRCAT groups. The 
average within groups multiple linear regression was also 
calculated (using the inverse matrix technique - Armitage 1971 
Sec. 10.1), as was a common multiple linear regression on 
YRUG, age and height, ignoring XRCAT.
Individual Regressions within Groups for FEV^
XCRAT tv YRUG Age Height
Con­
stant (SD)
Sum of 
squares 
due to 
regres­
sion
0/0-1/0 13 -0.00778 -0.02780 +5.2179 -3.9947 (0.44) 2.3903
1/1-1/2 11 -0.00830 -0.01264 +0.5676 +2.7675 (0.30) 0.3187
2/1-3/3 12 -0.01212 -0.01689 +0.7647 +2.6722 (0.55) 0.4776
= 3.1866
Residual 
sum of 
squares
1.7343 
0.6239 
2.4596
4.8179
Average within group regression for FEV^ 
0/0-3/3 36 -0.00795 -0.02125 +3.1109 2.6393
Common Regression for FEV^ (XRCAT excluded)
36 -0.01386 -0.01827 +3.3803 -1.4497 )0.43) 4.0244 6.0173
The entries in the analysis of variance table for slope are:-
1. From the within groups regression.
2. By subtraction.
3. By summing the regression sums of squares from the three 
individual regression lines.
4. By summing the residual sums of squares from the three 
individual regression lines,
5. By summing the total sums of squares from the three individual 
regression lines.
Analysis of Variance Table for Differences in Slope
Mean 
Sums of Square 
DF squares (variance) F
1. Average within
groups regression 3 2.6393
2. Differences in slope 6 0.5474 0.0912 0.4544 ns
3. Individual
regressions 9 3.1867
4. Residual variation 24 4.8179 0.2007
5. Total variation 33 8.0045 '
To test for differences in slope (i.e. to see if the slopes of the 
three individual regression equations could be shown to be 
dissimilar) the variance ratio (F) was calculated as the ratio 
of the "differences in slope" mean square (line 2) and the residual 
mean square (line 4), giving a value of 0.4544. At 6 and 24 
degrees of freedom, if the variance ratio lies between 0.26 and 
2.51, then the slopes are not significantly different, as was the 
case in this example.
It is now possible to test for differences in position (Armitage 
1971 Section 10.2).
Signi­
ficance
The entries in the analysis of variance table for position are:-
6. By subtraction.
7. By summing residual sum of squares (iine 4) and the "difference 
in slope" sum of squares (line 2) ,
8. From the common regression analysis.
Analysis of Variance Table for Differences in Position
Mean
Sums of square
DF squares (variance) F Significance
6. Differences in
position 2 0.6520 0.3260 1.62 ns
7. Residual about 
"within groups" 
regression 30 5.3653
8. Residual about 
common regress­
ion 32 6.0173
To test for differences in position the variance ratio (F) was 
calculated as the ratio of the "differences in position" mean 
square (line 6) and the residual mean square (line 4), giving a 
value of 1.62. At 2 and 24 degrees of freedom, if the variance 
ratio lies between 0.05 and 3.40, then the positions are not 
significantly different, as was the case in this example.
In Tables 16, 19, and 21, in the text, which summarise the results 
of this analysis for all of the pulmonary function indices, the 
variance ratio is given only when the variance due to differences
in slope or position (lines 2 or 6) is greater than the residual
variance (line 4). Thus, in this example, the variance ratio for
differences in slope has not been given, but that for differences
in position has.
APPENDIX VIII
The raw data obtained for the coalminers 
and for the control subjects are given 
in Table 31a to 31j.
COALMINERS
MRC
t Unit Subject Age Height Weight FFM % Dyspnea
number Subject No.* (Yr.) (m.) (kg.) (kg.) Fat grade
00352 RJ 1 6k 1.71 81.0 55.0 32.0 2
00808 WEC 2 56 1.67 81.8 . 58.4 28.3 2
01619 DS 3 51 1.67 68.0 49.9 26.2 3
01698 EJF 4 55 1.74 87.5 61.0 30.2 3
01746 AJH 5 5^ 1.68 78.5 57.4 26.8 2
01957 DTG 6 65 1.59 79.7 52.4 34.1 1
03823 CC 7 63 1.73 65.5 49.5 24.4 3
08529 IGJ 9 48 1.64 65.3 - - 2
08918 TD 10 65 1.65 66.4 48.6 26.8 3
08945 BCG 11 51 1.65 78.7 56.2 28.5 2
09017 PM 12 66 1.63 63.5 46.7 26.4 2
09060 JRC 13 55 1.65 69.5 51.5 25.9 2
09067 RW 14 5*+ 1.64 78.5 63.5 19.0 2
09074 JIG 15 51 1.70 62.4 44.4 28.7 1
09552 CB 16 6l 1.71 78.0 56.1 28.0 3
010129 JG 17 47 1.67 65.5 53.1 18.8 2
010156 RL 18 38 1.73 91.7 72.0 21.4 3
010434 MCH 19 56 1.71 75.7 56.6 25.2 3
OIO515 FW 20 53 1.70 65.2 52.6 19.2 1
010518 WDM 21 50 1.68 55.0 47.3 14.0 1
010519 LJR 22 53 1.67 80.0 58.3 27.1 2
010520 IM 23 68 1.62 66.0 45.8 30.6 1
010521 TRT 24 70 1.63 70.3 45.6 35.2 1
010522 WMR 25 54 1.67 79.0 56.8 28.0 1
OIO523 WJ 26 56 1.68 65.1 48.4 25.6 1
010524 JPL 27 51 1 ® 73 92.7 67.3 27.4 1
OIO525 CTM 28 5^ 1.62 70.5 51.8 26.5 3
010526 CGJ 29 55 1.65 69.5 52.0 25.2 1
010528 WHN 30 60 1.78 74.0 56.2 24.2 1
010530 WAL 31 63 1.74 69.8 51.2 26.6 2
010533 EJ 32 50 1.73 123.O — _ 1
010550 KR 33 50 1.67 80.0 60.1 24.8 . 1
010551 WJH 3^ 45 1.82. 86.0 66.9 22.2 2
010555 DJH 38 64 1.66 63.0 41.4 34.2 3
OIO558 JAR ko 51 1.64 60.0 48.0 20.0 1
010564 WJC 43 60 1.69 81.2 52.4 35.^ 3
CONTROLS
010552 BR ■ 35 46 1.77 80.0 62.0 22.4 1
01055^ EWT 37 53 1.70 77.0 52.5 31.7 1
010557 EJJ 39 64 1.63 65.0 44.7 31.2 1
010563 EJH k2 ^5 1.70 80.8 61.8 23.4 1
010566 DMB 45 56 1.70 70.0 52.0 25.6 1
OIO567 ETD 46 55 1.77 90.5 68.2 24.6 1
010571 TP 47 56 1.74 83.4 64.0 23.2 1
010572 WJT 48 56 1.68 67.0 55.4 17.2 1
010575 HWG k9 . A5 . ’1.80 84.5 65.3 22.7 1
OIO576 J.H 50 45 ; 1.79 83.0 65.4 21.2 1
* four subjects (8, 36, 4l and 44) were either uncooperative or unable 
to complete the tests and were not included in the analysis.
TABLE 31b
COALMINERS j
Subject
No. YRCF YRUG YRSW
Radiographic 
XRCAT TYPE
classification
Additional
features
1 21.5 27 15 2/2 q
2 6 9 0 1/0 q
3 17.5 36 0 2/3 p s i A
4 23 32 0 0/1 q
5 20 36 4 2/1 q
6 9 33.5 0 1/0 q • TB
7 31 48 0 1/1 p
9 23 23 0 2/3 q t 1/2 AX
10 41 42 4 1/1 q
11 15 15 0 1/2 p
12 44 44 0 2/2 q
13 13 15 1 2/1 q IA
14 27.5 39.5 0 3/2 q t 1/0 HI
15 29 31 3 2/2 p s 1/1 IA
16 34 45 0 2/1 q
17 19 21.5 2 1/0 q s 1/2
18 14.5 20 0 1/0 q
19 18 18 17 i A p s 0/1
20 0 0 30 0./0
21 4 22 12 0/0
22 17 36 0 1/1 q
23 0 11 0 0/0
24 24 24 0 1/1 q FR
25 8 8 0 1/2 q IA
26 0 16 14 1/1 p
27 14 14 0 0/0
28 0 0 17 0/0
29 28 28 0 1/2 q t 1/0
30 5 15 20 1/0 p t 0/1
31 5 13 0 1/0 q (q'/t boundary)
32 0 0 32 0/0
33 31 38 0 t 1/0
34 25 25 0 3/3 p IA
38 30 49 2 1/2 q t 1/0 IB
40 41 41 0 3/2 p
43 17 17 0 2/2 p
CONTROLS
35 0 0 0 0/0
37 0 0 0 0/0
39 0 0 0 0/0
42 0 0 0 0/0
45 c 0 0
46 0 0 0 0/0
47 0 0 0 0/0
48 0 0 3 0/0
49 0 0 0 0/0
50 0 0 0 0/0
t 0/1
TABLE 31c
COALMINERS
LUNG VOLUMES (!)
Subject FVC % TLC(He Dil) % RV of/o FRC %
No. (1) pred. (l) Prec*r (1) pred. (l) pred,
1 4.02 103.6 6.70 105.7 2.91 128.8 4.00 116.6
2 4.79 124.4 7.21' .120.4 2.09 104.0 3.39 111.1
3 3.06 72.3 5.62 93.8 2.58 133.7 4.01 114.2
4 4.50 106.1 6.25 94.7 2.20 100.9 3.42 106.9
5 4.92 124.6 6.96. 114.5 2.20 110.0 4.00 125.4
6 3*21 99.1 5.67 107.0 2.12 108.7 2.70 96.4'
7 3.71 92.5 6.07 93.2 2.36 103.0 3.69 .88.9
9 4.27 110.3 6.49 113.3 2.25 125.7 4.24 124.7
10 4.37 123.1 6.11 105.0 1.93 91.5 3.18 86.4
11 •3.95 102.3 5.61 96.4 1.92 102.7 3.02 101.7
12 3.20 93.6 5.35 94.9 2.11 101.9 3.28 88.6
13 4.34 115.1 6.26 107.6 1.69 87.1 3.07 90.3
14 3.73 99.7 5.98 104.4 2.34 123.2 3.08 104.1 !
15 3.76 91.3 6.18 98.9 2.30 114.4 3.50 89.5 !
16 3.70 93.7 6.05 95.4 2.13 96.8 3.25 92.9
17 4.52 111.6 6.31 105.3 2.14 115.1 3.50 98.9
18 4.74 103.9 7.21 110.7 2.12 113.4 3.03 112.2
19 ‘3.88 95.6 6.34 100.0 2.19 103.3 3.07 87.5
20 5.30 130.2 7.99 127.8 2.64 129.4 4.88 127.4
21 5.21 129.0 7.95 130.7 2.68 138.1 4.84 118.9
22 4.00 102.0 6.04 .100.8 2.13 108.7 2.84 92.8
23 3.26 97.9 5.43 97.7 1.80 86.5 3.14 87.9 ;
24 3.83 114.7 6.94 123.0 2.69 125.7 3.40 97.4
25 4.57 117.2 6.98 116.5 2.33 117.7 4.37 l40„0
26 4.14 106.1 6.00 98.7 1.77 86.8 3.35 89.1 ;
27 4.82 112.9 7.58 116.4 2.34 112.0 3.97 138.3
28 4.10 112.6 6.65 119.6 2.43 132.0 3.53 111.4
29 3.65 96.8 5.51 94.7 1.56 80.4 2.57 75.6 1
30 5.20 119.8 7.35 105.9 2.06 86*5 3.83 94.8 !
31 4.32 106.4 6.86 103.9 2.31 99.6 3.96 98.3 1
32 4.83 112.3 6.45 99.1 1.32 63.8 2.30 140.2 ;
33 4.40 110.5 6.10 101.8 1.74 91.1 3.14 104.3 '
3b 5.07 104.1 6.88 94.4 2.05 91.9 4.33 121.6 ;
38 3.09 85.4 4.89 82.9 1.82 85.8 3.32 86.0
bo 4.00 105.0 6.44 112.4 2.55 137.8 4.91 134.1
43 3.51 90.7 7.42 120.4 3.70 173.7 4.78 147.5
CONTROLS
35 5 . H 111.3 7.23 105.4 2.15 101.9 4.29 121.5
37 4.09 100.5 5.91 94.6 1.74 85.3 2.80 83.6
39 4.31 124.2 6.28 111.3 1.74 85.3 2.44 67.6
b2 4.8o 112.9 6.83 109.3 1.89 98.9 3.21 104.6
45 5.21 129.9 7.27 116.3 2.00 95-7 3.89 105.7
be 4.68 106.6 6.75 98.4 1.97 87.2 3.25 100.0
47 4.88 115.6 6.90 104.5 2.00 90.9 2.84 84.0
48 5.07 130.0 7.32 ■ 120.4 2.52 123.5 4.57 123.8
b9 6.11 128.1 8.55 120.1 2.23 102.3 4.33 123.7
50 5 * 43 115.0 . 8.31 118.2 2.16 100.5 ■3.73 106.3
(!) corrected to BTPS.
TABLE 3Id
COALMINERS
VENTILATORY
CAPACITY T0TAL AIRFL0W OBSTRUCTION
Gaw - volume
Subject FEVi % FEV/FVC % RV/TLC % SGaw slope x 10~5
No. (l) pred. (%) pred. {%) pred. (cmH^O.sec""^) (sec.cml^O*"^
1 2.34 83.6 58.3 85.9 43.5 112.7 0.0494 1.54
2 3*68 126.9 76.9 108.5 28.9 80.5 0.0893 0.61
3 2.12 69.5 69.3 95.3 45.9 134.6 0.0989 1.43
4 2.8l 88.4 62.5 87.8 35.2 99.1 0.0749 1.65
5 3.31 110.3 67.3 94.0 31.6 89*8 0.1200 2.35
6 2.34 100.4 72.9 108.0 37.4 95.9 0.0968 2.20
7 2.40 82.8 .64.7 94.7 38.8 101.3 0.1090 4.23
9 2.48 81.6 58.1 78.6 34.6 104.5 0.0965 1.04
10 ■3.19 125.1 73.1 IO8.3 31.6 81.0 0.1849 2.67
11 2.88 96.6 72.9 100.3 34.1 100.0 O.1177 1.88
12 2.31 94.7 72.1 107.5 39.4 100.2 0.1220 2.61
13 3*25 113 c 6 75.0 105.3 27.0 76.0 0.1467 1.7 7
14 2.69 94.4 72.2 100.8 39-1 1 1 1 . 1 0.1263 2.66
15 1.98 62.7 52.6 72.3 37.2 109.1 0.1121 3.29
16 2.05 70.9 55.4 80.3 35.2 93.6 0.0873 1.80
17 2.96 93.1 65.6 88.4 33.9 103.3 0.0730 1.04
18 3.60 98.1 75.9 97.8 29.3 98.6 0.1606 2.89
19 3.11 102.3 80.1 113.0 34.5 96.1 0.1575 2 .61
20 3.55 114.5 66.9 92.9 33.1 95.1 0.1378 2.53
21 3.29 105.4 63.1 86.3 33.7 99.7 0.0851 0.64
22 2.69 90.0 67.2 93.3 35.2 101.1 0.0880 2.05
23 2.20 93-6 67.4 101.5 33.1 82.8 0.1028 2.50
24 2.44 105.2 63.7 97.1 38.8 95.3 0.1500 5*57
25 2.89 97.6 63.5 88.7 33.4 94.9 O.O852 1.71
26 2.90 98.6 70.0 98.7 29.4 81.9 0.0690 0.83
27 3*30 100.9 68.5 94.2 30.8 90.3 O.O985 1.78
28 2.68 96.4 65.4 91.3 36.5 103.7 0.0683 3*01
29 2.69 94.0 73.8 103.6 28.2 79.4 0.1224 2.00
30 4.09 129.0 78.6 113.2 28.0 75.3 0.1125 1.93
31 2.69 91.5 62.3 91.2 33.6 87.7 0.0694 1.21
32 3-81 115.4 78.7 107.7 20.5 60.6 0.1582 1.08
33 3.31 107.1 75.1 102.7 28.5 84.3 0.1052 2.32
34 3*44 91.0 67.8 90.4 29.8 92.8 0.2177 4.04
38 2.21 84.3 71.5 105.3 37.2 96.4 0.2525 1.90
40 3.08 104.7 77.0 105.9 39.6 116.1 0.2338 . 3.46
43 2.60 91.2 74.1 106.8 49.9 134.1 0.1411 4.70
CONTROLS
35 3.97 111.2 77-7 104.1 29.7 91.7 0.1669 2.93
37 3.17 102.2 77.4 107.5 29.3 84.2 0.1411 2.80
39 3.53 140.6 81.9 120.6 27*7 71.8 0.3239 3.43
42 4.01 119.7 83*5 111.3 27.7 86.3 0.1888 2.73
45 4.06 134.9 77.9 109.9 27.4 76.3 0.1880 2.67
46 3.65 110,9 77.9 109.4 29.2 82.2 0.1862 2.64
47 3.88 123.2 79.6 112.3 29.O 80.8 0.1992 4.37
48 4.12 140.1 81.1 114.4 34.4 95.8 0.1117 2.50
49 4.39 118.3 71*8 95 c 7 26.1 81.3 0.1777 2.71
50 4.53 123.4 83.3 111.1 26.0 81.0 0.1158 1.17
TABLE 3ie
COALMINERS.
LUNG DISTENSIBILITY
Subject cSTAT(exP) Rpmax PPTLC - 20^VC(exp)
No. (l.kPa-1) (prid TLC.kPa”!) (kPa) (kPa)
1 3-50 0.552 1.60 0.73
2 3.57 O .596 2.62 1.2.6
3 5.55 0.926- 0.88 0.65
4 4.91 0.744 1.55 0.73
5 4.56 0.750 1.50 0.94
,6 2.34 0.441 1.46 1.00
7 3.23 0.496 1.75 0.74
9 3.25 0.567 1.74 0.84
10 4.17 0.716 1.47 0.68
11 3.29 0.565 1.54 1.18
12 2.52 0.447 1.40 0.86
13 3.88 0.667 1.74 0.95
14 2.95 0.515 1.57 1.02
15 Refused to sv/allov/ oesophageal balloon.
16 3.66 0.577 1.30 0.66
17 5.10 0.851 O .98 0.53
18 2.70 0.415 2.58 1.11
19 5.87 0.926 0.82 0.50
20 3.80 o. 608 1.18 0.79
21 4.08 0.671 1.54 0.55
22 3.19 0.533 2.13 0.95
23 3.30 0.593 1.28 1.00
24 3.99 • 0.707 O.89 0.60
25 5.12 0.855 1.06 0.49
26 4.38 0.720 1.50 0.64
27 3.94 0.605 2.41 1.32
28 3.35 0.602 1.12 ■0.71
29 3.49 0.600 2.44 0.78
30 7.70 1.109 1.48 0.75
31 4.35 0.659 1.33 O .63
32 5.21 0.800 1.37 0.76
33 2.49 0.4l6 2.69 1.07
34 4.69 0.643 1.61 1.08
38 ' 1.83 0.310 2.33 1.46
4o 3.94 0.688 2.11 0.93
43 3.59 0.583
CONTROLS.
1*33 0.78
35 4.88 0.711 1.48 O .65
37 2.72 0.435 2*60 1.07
39 2.31 0.500 2.44 1.27
42 2.48 0.397 3.22 1.41
45 3.99 0.638 1.69 0.85
46 1.90 0.277 ' 2.99 1.53
47 3.82 0.579 2,11 0.92
48 3.95 O.650 1.94 1.00
49 4.51 0.633 2*24 0.91
50 4.24 0.603 2.1? . u l 6
TABLE 3 If f
------- — — ,—  j
t?
COALMINERS. \
MAXIMUM EXPIRATORY FLOWS
PEFR MEF50^VC(env) MEF75^VC(env)
Subject (pred TLC. (pred TLC. (pred TLC.
No. (l.sec*"^) sec“^) (l.sec"^) sec~^ -) (l.sec"**-) sec~^)
1 5*50 0.867 2.49 0.388 0.54 0.085
2 10.40 1.736 3.55 0.584 0.92 0.151
3 4.07 0.679 3*20 0.350 0.70 0.102
4 5*39 0.817 2.58 0.391 0.74 . 0.112
5 7.02 1.155 5*30 0.860 1.90 0.308
6 6.74 I.272 3.74 0.690 1.60 0.300
7 4.63 0.711 2.07 0.318 0.5 0 0.077
9 5.17 0.902 1.70 O .292 0.47 0.081
10 5.86 1.007 3.83 0.658 1.49 0.256
11 7.06 1.213 4.30 O .729 1.30 0.220
12 6.64 1.177 4.00 O .709 1.40 0.248
13 9.45 1.624 4.35 0.737 1.45 0.246
14 7.14 1.246 3.60 0.619 1.15 0.198
15 6.14 0.982 1.30 0.208 0.40 0.064
16 4.88 .0.770 1.40 0.218 0.33 0.051
17 5-77 0.963 2.89 0.475 0.82 0.135
18 10.20 1.567 7.70 1.170 2.80 0.424
19 7.46 1.177 4.01 O .632 l.4o 0.221
20 8.47 1.355 4.50 0.720 0.48 0.077
21 7*63 1*255 3.30 0.543 0.88 0.145
22 7.88 1.315 2.77 0.456 0.73 0.120
23 5.58 1.004 2.50 0.443 0.80 0.142
24 5.49 0.973 2.50 0.443 0.60 0.106
25 7.56 1.262 3.02 0.497 0.72 0.118
26 8.43 1.386 3.70 0.608 0.80 0.132
27 7.74 1.189 3.44 0.528 0.90 0.138
28 7.64 1.374 3.50 0.629 0.95 0.171
29 -5.10 0.876 4.13 0.700 0.88 0.149
30 12.04 1.735 5.30 0.764 1.50 0.216
31 4.05 0.614 1.95 0.295 0.70 0.106
32 8.37 1.286 6.28 0.965 3.18 0.488
33 9.65 1.611 4.20 0.701 1.20 0.200
34 8.66 1.188 3.30 0.44? 0.90 0.122
38 5.25 0.890 2.80 0.475 0.80 0.136
40 7.78 1.358 4.10 0.715 1.80 0.314
43 6.60 1.071 3*10
CONTROLS.
0.496 0.80 0.128
35 10.50 1.531 6.00 0.864 2.15 0.310
37 9.12 1.459 4.60 O .725 1.75 0.276
39 12.60 2.234 8.00 1.396 2.50 0.436
42 10.70 1.712 6.10 0.976 2.15 0.344
45 10.90 1.744 5.60 O.883 1.80 0.284
46 10.10 1.472 5.40 0.787 1.30 O .189
47 10.20 1.545 7.45 1.115 2.65 0.397
48 10.30 1.694 5.25 0.852 2.05 0-333
49 II.30 1.587 5.90 0.829 1.80 0.253
so 11 .20 1-593 7.10 1.010 2.90 0.412
TABLE 3la
COALMINERS.
RESPONSE TO HELIUM CLOSING VOLUME
Subject MEF50H/A# MEF^H/A^ Viso^/FVC^ CV/VC% CC/TLC% N2 Index
No- ' m  w  {%) (%) m  (?sn2 * r 1)
1 100.0 100.0 70.9 6.12 47.3 1.76
2 114.0 120.4 21.2 27.29 47.6 1.26
3 115.0 83.O 43.0 15.25 53*9 0.48
4 139*5 132.2 14.7 27.36 54.2 0.92
5 133*1 112.8 29.7 20.46 45*5. 0.72
6 180.3 172.5 20.3 16.88 46.9 0.98
7 115*2 108.2 18.7 35*14 61.3 2.98
9 133.5 100.0 34.5 13*69 43.8 2.34
10 154.7 207.2 - 33*33 54.2 1.18
11 -  ■ - 32.4 30.70 56.0 1.06
12 117.5 100.0 31.4 17*59 50.1 1.36
13 154.1 133.1 10.7 30.51 48.9 0.96
14 129.5 100.0 37.5 26.27 54.7 3.16
15 132.2 100.0 44.3 13*05 45.0 2.66
16 78.4 80.0 49.7 25*99 50.1 4.54
17 112.5 92.3 48.7 17.81 45*8 1.60
1.8 — - — 12.76 38.0 0.44
19 84.5 67.2 56.6 28.61 50.8 1.58
20 137.8 112.8 18.5 21.85 47.6 1.34
21 114.9 120.5 14.6 15.00 .42.8 1.24
22 124.0 120.3 22.8 26.70 52.2 0.84
23 141.3' 196.7 15.4 16.10 43.6 1.12
24 144.9 168.9 19.0 36.34 58.5 0.20
25 148.4 134.1 13.8 14.12 42.0 1.66
26 — — — 11.36 37*2 1.40
27 103.4 100.0 37.9 24.48 46.4 1.22
28 — - 23.58 51*6 1.22
29 149.5 112.2 11.6 28.72 48.6 O .56
30 159.4 121.9 16.4 24.06 44.5 O .58
31 153.7 157.9 21.8 27.11 51.0 0.80
32 202.0 238.0 5.8 21.78 36.4 0.00
33 147*3 149.0 ll.l 16.15 39.7 O.36
34 114.5 88.9 26.5 32.02 52.2 0.34
38 144.9 184.7 12.5 19*10 48.5 3.64
40 — 35.00 61.3 0.68
43 96.3 66.7 64.2 18.73 58.6 1.60
CONTROLS.
35 128.3 126.3 9*4 16.63 41.4 • 1.54
37 124.9 125*3 20.9 16.42 40.6 1.40
39 160.2 100.0 24.9 21.50 42.3 O.78
42 154.9 120.1 23.1 11.91 35.4 0.42
45 139*2 121.4 16.3 15.38 38.5 1.14
46 137.5 91.7 27.6 20.65 43*2 1.06
47 137.2 131*0 12.3 16.81 40.0 0.66
48 114.9 105.0 20.3 14.96 44.0 0.94
49 132.8 120.4 22.0 13*46 35*7 0.76
50 150.1 194.6 8.3 12.37 34*5 0.28
TABLE 31h
COALMINERS *
SECONDARY RELATIONSHIPS
ubject
No.
CSR slope 
(pred TLC. sec
Gs
.cmHpO"^) (pred TLC.sec"*1.
Ptm-
(cmHpO)
MEF/Gaw
slope
(cmPIpO)
1 0.0091 0.1107 +0.10 13.23
2 0.0099 0.1525 +2.20 16.67
3 0.0156 0.2052 +2.95 13 M
if 0.0119 0.1132 +1.20 10.59
5 • 0.01*+*+ 0.1935 +3*25 l*+.06
6 0.0090 0.130*+ +0.10 13.23
7 0.0172 O.IO9I -0.15 6.72
9 O.OO85 0.1171 +1.55 13.23
10 0.0162 0cl*+52 -1.15 8.*+l
11 0.0095 0.1895 +3.^ 5 19.15
12 0.0115 0.1636 +0.*+5 13.^3
13 0.0090 0.1895 +l.*+5 20.93
Ik O.OlAl 0.1395 +2.20 9.*+7
13 —  ■ - — 5.62
i6 0.0105 0.0860 •+0.70 6.57
17 0.0085 0.1682 -O.25 20.50
18 0.0125 0.2118 -0.95 18.75
19 0.0265 O.257I +0.25 10.71
20 0.0212 0.2308 +0.10 10.23
21 0.003*+ 0.1323 -2.20 29.03
22 0.0112 0.1120 4-1.10 10.23
23 0.0129 0.1233 +2.65 10.00
2k 0.0353 0.1 *+75 0.00 *+.10
25 0.0117 0.1895 -0.55 19.15
26 0.0058 0.1978 40. 50 36.00
27 0.0097 0.1233 +3.50 11.5^
28 0.0185 0.1593 -0.90 9M
29 0.011*+ 0.1956 40.25 l*+.52
30 0.0211 0.321*+ +l.*+0 l*+.29
31 0.0067 0.0833 -0.35 11.11
32 0.008*+ 0.21*+3 40.50 27.27
33 0.0090 0.1132 -0.70 10.59
3k ' 0.0291 0.13*+*+ +*+.30 *+.80
38 0.0060 0.09*+6 4-*+. *+5 16.98
*+0 0.02 *+9 0.1765 +1.10 6.12
k3 0.0295 0.1636
CONTROLS.
+0.10 6.77
33 0.0202 O.2O93 -1.00 9.89
37 0.0132 0.1250 40.10 9.68
39 0.0155 0.1*+52 -0.50 13.87
it 2 0.0107 0.l*+75 -0.50 10.98
*15 0.015*+ 0.1895 -0.*+0 12.00
kG 0.008*+ • 0.1000 -0.30 13.85
ky 0.0232 0.1856 -0.35 7.37
A 8 0.0128 0.1607 +0.60 13.56
k9 0*0213 0.1956 40. *+5 8«*+l
50 0.0071 0.1800 +2.15 23.25
TABLE 31i
COALMINERS.
abject
No.
Tl
(mmol.min“l.kPa~l)
% pred 
(%)
• ^ 0 0 % pred
(mmol.min”lkPa-l) (ml
1 10.^ 123.8 1.7^ 128.9 l*f 87
.2 7.9 92.9 1.16 79.*+ 11 68
3 **.5 51.1 O.83 5**.2 6 3k
if 8.8 9^.6 l.if5 98.6 12 82
5 10.7 123.0 1.55 10if.7 16 72
6 11.1 158.6 2.07 15**.5 18 76
7 8.7 100.0 l.if7 108.1 13 • 66
9 7.7 88.5 1.2*f 79.0 11 68
10 8.3 107.8 l.if2 106.0 12 69
11 6.1 70.9 l.lif 7**.5 9 *f6
12 7.5 101.3 1.56 118.2 I k k3
13 7.9 95.2 1.33 90.5 10 79
I k 10.6 127.7 2.lif l***f.6 16 86
15 if.8 52.7 0.83 5**.2 6 *f6
16 6.3 73.2 1.2*f 86.7 8 55
17 7.8 85.7 1.26 79.7 1*4 **5
18 10.9 105.8 1.66 97.6 16 100
19 7.if 83.1 1.26 86.3 10 55
20 12.if 136.3 1.58 105.3 2 if 66
21 12.1 13**.** 1.53 99.3 31 5*+
22 12.5 1**3.7 2.07 138.0 20 90
23 10.2 1**3.7 1.90 1**6.1 l*f 83
2k 10.1 lif0.3 1.55 122.0 15 92
25 11.1 127.6 1.6*f 110.8 17 85
26 9-3 108.1 1.60 109.6 15 66
27 11.6 122.1 1.65 107.8 16 92
28 10.9 13*+.6 1.65 111.5 l*f 102
29 7.8 9**.0 l.if6 99.3 11 62
30 11.3 120.2 1.66 118.6 18 76
31 9.3 105.7 l.i*6 107.3 16 55
32 9*6 100.0 1.56 101.3 15 66
33 11.if 128.1 1.9** 126.0 17 9**
3k 10.0 91.7 1.52 9*+.** 15 77
38 7.2 91.1 1.57 116.3 10 58
ko 10.0 117.6 1.58 103.3 15 77
kj> 12.1 lifif.O 1.70 121. if 17 93
CONTROLS.
35 11.8 115.7 1.6** 103.1 20 79
37 10.7 117.6 1.83 122.0 19 73
39 10.3 137.3 1.69 125.2 16 78
k2 10.7 111.5 1.62 100.6 19 67
k5 11.7 131.5 1.6** 112.3 16 112
kG 11.7 120.6 1.77 120.if 20 79
**7 11.6 126.1 1.78 120.3 21 6**
i|8 12.6 l*f6.5 1.77 121.2 28 63
k9 lif.l 133.0 ' 1.69 105.0 2 if 91
50. 1/+.2 135.2 1.77 109.9 26 89
TABLE 31j
COALMINERS
Subject
No.
serum cone 
*-1)(g.r
oc i - antitrypsin
n Phenotype
(P .i)
1
2
3
4
5
6 
7 
9
10
11
12
13
14 
13 
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
31
32
33
34 
38 
bO 
43
1.4 
1.8
2.5 
1.8 
2.0 
2.2 
1.8 
1.8
1.6
1.9
1.9
1.7 
1.6
2.4
1.3
1.5
1.4 
2.1 
1.3
1.7
1.7 
2.2
1.7
1.6
1.8 
1.0 
2.0 
2.0
1.7
1.8
1.7
1.8 
1.8 
2.6 
1.8
1.9
M or M” 
MM
Normal
MM
Normal 
Normal 
MM •
MM
MS
Normal
Normal
MM
MM
Normal 
M or M" 
MM
M or M" 
Normal 
M or M" 
MM 
MM
Normal
MM
MM
M or M“
Normal
Normal
MM
MM
MS
Normal
Normal
Normal
Normal
Normal
CONTROLS
35
37
39
42
45
46 
4? 
48
hO
50
2.0 Normal
2.1 Normal
1.8 Normal
1.2 H or H“
1.7 MM
1.4 MS
1.3 M or M~
1.4 M or M~
Refused to give blood sample 
1.3 HP
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